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Protocatechuic Acid, the Substance Responsible for 
the Hardening of the Cockroach Ootheca 


By M. G. M. PRYOR, P. B. RUSSELL anp A. R. TODD 
Entomology Department, Zoological Laboratory, and University Chemical Laboratory, Cambridge 


(Received 30 May 1946) 


The similarity between the ootheca of the cockroach 
(Blatta orientalis) and the hard brown exocuticle of 
insects has been already pointed out, and its 
investigation by one of us (Pryor, 1940a, 6b) has 
thrown some light on the mechanism by which it 
and, by inference, the insect cuticle, hardens. The 
ootheca, a brown bag-like structure some 8 mm. 
long and containing about a dozen eggs arranged in 
two rows, is secreted by the two colleterial glands 
of the female insect. The left gland secretes a water 
soluble protein, while the right gland produces a 
clear watery fluid containing a phenolic substance; 
it is the interaction of these two in presence of an 
oxidase system which causes the gradual hardening 
and darkening of the ootheca. The phenolic sub- 
stance in the secretion of the right gland was 
evidently a catechol derivative from its green ferric 
reaction, and its solubility in aqueous sodium 
carbonate made it probable that it contained a 
carboxyl group. On this evidence it was suggested 
(Pryor, 1940a) that it might be homoprotocate- 
chuic acid (3:4-dihydroxyphenylacetic acid), a sub- 
stance whose isolation from the elytra of a beetle 
(Tenebrio molitor) has been claimed by Schmalfuss, 
Heider & Winkelmann (1933). However plausible 
this view might be it was clearly necessary to 
isolate and identify the phenolic substance secreted 
by the gland if further work on the hardening 
process itself was to be pursued. 


Collection of material and isolation of the acid 


The problem of collecting adequate material for 
isolation experiments was simplified by the fact 
that appreciable quantities of the phenolic sub- 
stance are present in the fluid surrounding the eggs 
in the freshly laid ootheca, and that the progressive 
blackening of the ootheca, and consequent loss of 
material, is largely arrested if it is kept in absence of 
oxygen. For the purpose of the experiments here 
reported, a large colony of cockroaches was main- 
tained and the oothecae were collected daily and 
stored under water, containing a small amount of 
cyanide and some sulphurous acid, until a sufficient 
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quantity had accumulated. The oothecae were 
crushed with aqueous potassium cyanide to 
inactivate the polyphenol oxidase present and ex- 
tracted with acidulated water. The phenolic sub- 
stance was extracted from the aqueous layer with 
ether and the extract treated with excess diazo- 
methane. Hydrolysis of the product and recrystalli- 
zation yielded veratric acid (3:4-dimethoxybenzoic 
acid), identified by m.p., mixed m.p. and prepara- 
tion of its anilide. The obvious deduction that the 
substance present in the oothecae is protocatechuic 
acid (3:4-dihydroxybenzoic acid) was confirmed by 
direct isolation of this compound by a procedure 
similar but for the omission of the diazomethane 
treatment. 


Hardening of the insect cuticle 


The characteristic effect produced by the secre- 
tion of the right colleterial gland of the female 
cockroach on that of the left gland in presence of 
oxygen is duplicated by an aqueous solution of 
synthetic protocatechuic acid. As far as we are 
aware protocatechuic acid has not hitherto been 
isolated from an insect source, although it is well 
known as a constituent of the higher plants. Its 
origin remains uncertain; it might be derived from 
3:4-dihydroxyphenylalanine, which has been iso- 
lated from the elytra of two species of Melolontha 
(Schmalfuss & Miiller, 1927) and which is believed to 
be present in cockroach blood (Pryor, 19406), but it 
should be borne in mind that there is no direct 
evidence for such a view, and that protocatechuic 
acid and 3:4-dihydroxyphenylalanine might, with 
at least equal probability, represent products 
derived by different mechanisms from some common 
precursor. The hardening of oothecal protein 
brought about by protocatechuic acid involves an 
oxidation of the latter and seems related to the 
tanning of collagen by p-benzoquinone (Pryor, 
1940a), but its exact mechanism remains to be 
determined. The examination of other insects is 
planned to find whether protocatechuic acid is the 
normal hardening agent for the insect cuticle. 
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EXPERIMENTAL 


Isolation of veratric acid. Some 800 oothecae of 
Blatta orientalis were crushed in dilute aqueous 
potassium cyanide (c. 250ml.) containing some 
sulphur dioxide. After 3hr. the mixture was 
filtered with the aid of ‘Hyflo supercel’. The 
filtrate was weakly acid to litmus. The residue was 
extracted further by allowing to stand for 2 hr. 
with water (300 ml.) which had been made just 
acid to Congo red with sulphuric acid, and the 
procedure repeated until the extracts no longer 
gave a green colour with ferric chloride. The com- 
bined filtrate and extracts were concentrated in 
vacuo under nitrogen to small bulk (c. 300 ml.), the 
concentrate filtered from a trace of solid material 
and extracted continuously with peroxide-free 
ether (700 ml.). The ethereal extract which con- 
tained all the material giving a coloration with 
ferric chloride was concentrated to one-third bulk 
and treated with ethereal diazomethane (from 
10g. nitroso-N-methylurea). After 2 days the 
ether was evaporated and the residue refluxed for 
2 hr. with methanolic potassium hydroxide (2%). 
Removal of methanol, dissolution in water and 
acidification of the aqueous solution gave brownish 
needles. Recrystallized from water this material 
formed colourless needles, m.p. 179—180-5°. (Found: 
C, 59-2; H, 5:6. Cale. for C,H,,O,: C, 59-3; H, 
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5-5%.) A mixed m.p. with authentic veratric acid 
(m.p. 180—-181°) showed no depression. For further 
identification the isolated acid was converted via 
its acid chloride to the anilide; flat needles, m.p. 
168-5°, undepressed in admixture with a specimen, 
m.p. 169°, prepared in similar fashion from 
authentic veratric acid. (Found: C, 70-2; H, 5-9; 
N, 5°5. Cale. for C,;H,,O,N: C, 70:0; H, 5-7; 
N, 5:5%.) Veratric anilide is described by Brugge- 
mann (1896) as having m.p. 154°, but this appears 
to be an error. 

Further small amounts of product were obtained 
from the aqueous mother liquors after removal of 
the precipitated acid from the hydrolysis solution. 
The total yield of isolated veratric acid was 426 mg. 

Isolation of protocatechuic acid. Approximately 
1100 oothecae were extracted as above described, 
but instead of treating the ethereal solution of the 
phenolic material with diazomethane it was 
evaporated to dryness. The brownish residue re- 
crystallized from water (charcoal) gave needles of 
protocatechuic acid (309 mg.), m.p. 198°, unde- 
pressed in admixture with an authentic specimen 
(m.p. 197-5°). 

SUMMARY 
The phenolic substance present in cockroach 


oothecae has been isolated and identified as proto- 
catechuic acid (3:4-dihydroxybenzoic acid). 
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By T. W. GOODWIN anv R. A. MORTON 


Solutions of most proteins show selective absorp- 
tion in the ultra-violet. In each case the exact 
position of the maximum (near 280 mp) varies with 
pH. The majority of the constituent amino-acids 
are practically transparent in the region 250-320 my 
and it is known that phenylalanine, tyrosine and 
tryptophan are together responsible for the observed 
absorption of protein solutions. Phenylalanine, as 
would be expected from its constitution, shows 
weak absorption, which under favourable conditions 
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can be resolved into several narrow bands, but in 
0-1N-NaOH the maximum occurs near 258-5 mp 
with a low molecular extinction coefficient (c. 200). 
The absorption exerted by tyrosine and by trypto- 
phan is much stronger, and as a first approximation 
the phenylalanine contribution can be neglected. 
Inasmuch as wave-lengths can be selected at which 
phenylalanine makes no contribution, it should be 
possible to treat protein solutions as two-com- 
ponent systems for spectrophotometric analysis. 
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Vierordt (quoted by Twyman & Allsopp, 1934) 
has described a procedure for analyzing binary 
systems by using intensities of absorption at 
selected wave-lengths. The method can be extended 
to protein solutions and hydrolysates if it is 
assumed that neither the mode of linkage nor the 
presence of other amino-acids significantly distorts 
or displaces the tyrosine-tryptophan absorption. 
The same assumption is necessary for any alter- 
native to Vierordt’s procedure, as otherwise a whole 
series of corrections, depending on the order in 
which amino-acids are joined together, would be 
inevitable. Fortunately, the assumption seems to 
be justified. Thus the dipeptide glycyltyrosine 
shows the absorption expected of its tyrosine 
moiety (Abderhalden & Haas, 1927); but in fact the 
true grounds for accepting the assumption are: 

(a) it can be foreseen on the basis of much 
experience on organic chromophores in general; 

(b) it leads to estimates of tyrosine and trypto- 
phan agreeing closely with those obtained by other 
methods. 

There have been very few investigations in 
which a sufficiently refined technique has been 
available for the detection of very small displace- 
ments. Summarizing one such study Coulter, 
Stone & Kabat (1936) state: ‘The bands in the 
proteins are accordingly attributed to these amino- 
acids (phenylalanine, tyrosine, tryptophan). In the 
proteins the bands are displaced from the positions 
which they occupy in the uncombined amino-acids, 
in most instances, by 10-35A. towards longer 
wave-lengths.’ These authors used neutral aqueous 
solutions or slightly acid solutions, and as they did 
not study the distribution of the absorption between 
tyrosine and tryptophan and made no corrections 
for irrelevant absorption, the appropriate con- 
clusion from their work is that no displacement due 
to peptide linkage is demonstrable. 

Holiday (1936) used the spectrophotometric 
method with considerable success. By determining 
intensities of absorption at 280 and 305 my, he was 
able to analyze mixtures of tyrosine and tryptophan 
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tions. Another, if less marked, source of error 
arose from the occurrence of variable irrelevant 
general absorption. 

Our own work in this field was begun in 1938, 
when we were aiming at the elimination of errors 
due to irrelevant absorption. Partial success was 
achieved by working with protein hydrolysates 
(Morton, 1942), and the best results were obtained 
by alkaline hydrolysis in presence of stannite 
(Lugg, 1938), but the lengthy preliminaries robbed 
the spectroscopic method of simplicity and rapidity 
compared with chemical methods. The incentive 
to persist, however, remained, inasmuch as very 
small samples of protein (c. 25mg.) could be 
analyzed provided that irrelevant absorption could 
be correctly assessed. To this end a substantial 
increase in accuracy in the determination of 
intensities of absorption at sharply defined wave- 
lengths was imperative. The Beckman photo- 
electric spectrophotometer (Cary & Beckman, 
1941) represents a considerable advance in this 
direction, and we have used the instrument to make 
a fresh approach to the task. 


METHODS AND RESULTS 


The protein solvent has throughout been 0-1N- 
NaOH. It is necessary to work at a fixed pH and 
the considerations which led Holiday (1936) to 
choose decinormal alkali are still valid. The 
absorption cells were 1 cm. wide and the solvent 
was always used for compensation. Concentrations 
were adjusted so as to maintain H values between 
0-3 and 0-8, over which range the Beckman instru- 
ment gives accurate and highly reproducible 
results. When EH values were required for wave- 
lengths between dial calibrations (e.g. 257 and 
258 my) they were obtained by interpolation. 

Absorption spectra of tyrosine and tryptophan. The 
values given in Table 1 were obtained on 3 samples 
of tryptophan and 4 of tyrosine. At no point were 
differences recorded greater than +1% from the 
means. 


Table 1. Molecular extinction coefficients in 0-1N-NaOH 


Amp 250 255 257 258 260 270 280 290 294 295 305 
Tyrosine 6640 3726 2811 2448 1882 1054 1576 2377 2389 2360 1246 
Tryptophan 1946 2580 2730 2910 3188 4644 5225 4130 2531 2176 420 
A max. mu € max. 
Tyrosine 293 2390 
Tryptophan 280-5 5250 


dissolved in 0-1N-NaOH within +4 and +8% 
respectively. The limiting factor was the accuracy 
with which the blackening of a photographic plate 
could be estimated, and later (Holiday & Ogston, 
1938) he effected improvement by substituting 
photoelectric microphotometry for visual determina- 


Determination of tyrosine and tryptophan. The 
characteristics of the absorption curves for tyrosine 
and tryptophan suggest a modification of Vierordt’s 
procedure for calculating the composition of binary 
mixtures of solutes. If the two curves intersect at 
one or more points, the intensity of absorption is a 
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direct measure of the total molar solute concentra- 
tion, and will be the same however the proportions 
are varied. At other wave-lengths the intensity of 
absorption will vary with the relative proportions 
of the components. Using 0-1N-NaOH as solvent 
the two absorption curves intersect at 


294-4 my (ce, 2375) and 257-15 my (e, 2748). 


In a simple mixture the sum of the molar concen- 
trations of tyrosine and tryptophan may be 
obtained from measurements of intensity of 


absorption at either wave-length. The 294-4 mp 
point is the more suitable because it lies near 
the 
minimal). 


maximum in the tyrosine curve (Ae¢/AA 
In using points of intersection rather 






Tyrosine 
——eeeeey—eaQ@® eee 
Taken Found ‘Recovery’ 
Solution (mM) (mM) (%) 
1 0-0833 0-0864 103-7 
2 0-1250 0-1244 99-9 
3 0-0500 0-0525 105-0 
4 0-2083 0-2079 99-8 
5 0-1667 0-1654 99-3 
6 0-0095 0-010 105-2 
7 0-0400 0-0379 95-0 
8 0-180 0-1925 106-2 
9 — 0-0001 — 
10 0-006 0-0167 278-3 
1] 0-2268 0-2258 99-6 
12 0-2500 0-2480 99-2 
13 0-2368 0-2336 98-6 


0-0007 


than following Vierordt’s method, the mono- 
chromator must be efficient and the intensities of 
absorption must be accurately measurable. Granted 
adequate technique it is an undoubted advantage 
first to determine total molar concentration. An 
accurate reading at one other wave-length is then 
sufficient to determine the relative proportions of 
the two solutes. 

Thus, if x=total mol./l. in solution, y=g.mol. of 
tyrosine, x — y= g.mol. of tryptophan. At any wave- 
length other than a point of intersection let 


« tyrosine be A, _ « tryptophan be B, 


and the observed intensity of absorption for a 
1 cm. cell E 
E-xB 
Sona 
A-B 
(a determined from the # value at an intersection). 
In selecting 280 my as the wave-length to be used 
in conjunction with 294-4 my a departure has been 
made from the choice arrived at by Holiday (1936) 
for the reason that Ac/A\ is minimal at that point 
for tryptophan. Instrumental limitations con- 


E=yA+(x—y) B, 
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Table 2. T'yrosine-tryptophan mixtures 
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ditioned by the use of a single rather than a double 
monochromator are thus minimized. 

Calibration. Mixtures of tyrosine and tryptophan 
were prepared in which molar ratio of the two 
solutes varied widely. The analyses were completed 
before the proportions were disclosed. 

Of the two intersections, that at 294-4 my gave 
better results than that at 257-15 my. This is not 
surprising, because at the latter point both ab- 
sorption curves slope steeply, whereas the former, 
as stated above, is near the peak of the tyrosine 
absorption and Aé¢/A) is minimal. 

The results in Table 2 were obtained by com- 
bining the results at 294-4 my with those at 280 my 
(but 270 and 290 my gave equally good results). 








Tryptophan : 
Molar ratio 

Taken Found ‘Recovery’ tyrosine/ 

(m) (m) (%) tryptophan 
0-0784 0-0798 101-9 1-06 
0-0588 0-0586 99-7 2-11 
0-0941 0-0952 101-2 0-53 
0-0196 0-0178 91-0 10-62 
0-0167 0-0162 96-9 10-00 
0-0905 0-0906 100-1 0-11 
0-0800 0-0779 97-4 0-50 
0-0047 0-0017 36-1 38-5 
0-100 0-0960 96-0 —- 
0-104 0-100 96-1 0-0576 
0-0097 0-0112 115-4 23-4 
0-0056 0-006 106-2 42-1 
0-1072 0-1049 97-7 — 








The range of concentrations covered by Table 2 
is a very wide one, and constitutes a very severe 
test of the technique. The intersection at 294-4 my 
would give substantially the same EH value for a 
solution in which tyrosine predominated, whether 
the slit were very narrow or fairly wide because 
AE/Ad is small, whereas on the steeply rising curve 
for solutions in which tryptophan predominates the 
slit width and resolving power are more critical. 
The Beckman instrument stands up well to this 
test, but an instrument embodying a double mono- 
chromator could doubtless have given even better 
results. Thus solutions 9 and 14, which actually 
contained no tyrosine, were both reported as 
practically free from that substance, but the 
absolute concentration of tryptophan was slightly 
under-estimated.* Solutions 8, 10 and 11 with 
molar ratios > 20:1 gave inaccurate results for the 
minor component. It would seem that the limita- 
tions of the method are only significant at such 
extreme ratios. 

* Ifthe analysis indicates absence of tyrosine, tryptophan 
is more accurately determined at its maximum (280-5 mp). 
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Estimation of tyrosine and tryptophan 
in protein solutions 


Allowance for irrelevant absorption. Examination 
of the spectra of protein solutions (in 0-1N-NaOH) 
reveals general absorption falling off with increasing 
wave-length, but persisting into the region 330- 
400 my where tyrosine and tryptophan are trans- 
parent. In order to allow for irrelevant absorption 
at 294-4 and 280 my, the simplest procedure is to 
extrapolate linearly from 370 and 340 my to those 
wave-lengths, e.g. 
ies A mp= 30, eat 


A mp/AB=—— 


expected 
E 294 mp = 0-040) 


B 280 mp =0-044f for the irrelevant absorption. 


The validity of the extrapolation may best be 
demonstrated by comparing tyrosine and trypto- 
phan values obtained by using the extinction at the 
crossing point (294-4my) in conjunction with 
extinctions at different wave-lengths. The un- 
corrected extinctions will not give consistent 
results because of the varying amounts of irrelevant 
absorption contributing to the gross HZ values at the 
different wave-lengths. If, after correcting for 
irrelevant absorption, concordant results are 
obtained, it must be assumed that this absorption 
has been eliminated. The results obtained from an 
experiment carried out on a solution of casein 
(Table 3) show that the corrections applied must be 
near the truth and justify the extrapolation over 
the wave-length range normally employed. 


Table 3. Tyrosine and tryptophan values of a casein 
solution obtained using E values at a crossing point 
(294-4 my) and at one other wave-length 


Tyrosine content of solution 


Other (mM) 
wave-length used 
(my) ‘Uncorrected’ Corrected 
275 143 130 
280 136 137 
285 160 138 
290 164 139 


The results quoted in Table 4 will illustrate that 
accuracy of measurement in the spectrophotometer 
is adequate to deal with the differences in E values 
which this correction procedure requires. To 
solutions of zein and gelatin, both of which proteins 
show considerable irrelevant absorption, were 


added small amounts of tyrosine and tryptophan. 
The recovery of these added acids is satisfactory 
even under the severe conditions chosen for this 
experiment. 
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Table 4. Analyses of zein and gelatin with 
and without added amino-acids 


Recovery in amino-acid- 
protein mixture* 


Amnino-acids ———————_*_———_—__, 


of protein Expected Found 
(i) Zein _ (M) (m) (m) 
Tyrosine 0-1314 0-1132 0-1172 
Tryptophan Nil 0-0242 0-0263 
(ii) Gelatin 
Tyrosine 0-0397 0-0674 0-0700 
Tryptophan 0-0066 0-0275 0-0292 


* 10 ml. of protein solution; 5 ml. of 0-19M-tyrosine; 
5 ml. of 0-0964M-tryptophan. 


All the foregoing experience leads to the con- 
clusion that there is little to be gained by examining 
hydrolysates rather than simple solutions of pro- 
teins: Indeed, in many instances, irrelevant 
absorption rises on hydrolysis and there is always 
a risk of destroying some, at least, of the trypto- 
phan. 

Up to this point attention has been focused upon 
the limitations of the analytical procedure. To 
illustrate reproducibility, the results on casein may 
be quoted (Table 5). In this protein the relative 
proportions of tyrosine and tryptophan favour good 
results and irrelevant absorption is small. 


Table 5. Analysis of casein* 


Experiment... A B Cc 
Tyrosine (%) 5-47, 5-48, 5-48, 
Tryptophan (%) 1-60, 1-62, 1-62, 


* Samples of commercial preparations were taken from 
airtight containers. Figures uncorrected for moisture 
content. 


Table 6. Estimated tyrosine and tryptophan 
im various proteins 


Tyrosine Tryptophan 
(%) (%) 
Casein 5-48 1-62 
Zein 5-15 None found 
Gelatin 0-42 0-06 
Ovalbumin 3-50 1-33 
Edestin 5-18 1-19 
Bence Jones protein 6-57 2-33 
Insulin (crystalline) 11-55 0-18* 


* The tyrosine predominates over the tryptophan to an 
extent which reduced the significance of this result. 


Various proteins have finally been analyzed by 
the method suggested and the results are collected 
in Table 6. They fall well within the rather wide 
range of values reported in chemical and micro- 
biological assays. Our main object throughout this 
investigation was to prove the speed and accuracy 
of the method for analyzing small amounts of 
proteins, and was not primarily to determine the 
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absolute values of tyrosine and tryptophan in 
‘pure’ proteins. The proteins quoted in Table 6 are 
normal commercial products and no attempt has 
been made to assess their purity. 


SUMMARY 


1. The ultra-violet absorption spectra of tyrosine 
and tryptophan have been determined in 0-1N- 
NaOH and the curves found to intersect at 257-15 
and 294-4 my (e, 2748 and 2375, respectively). 

2. By using intensities of absorption at 294-4 and 
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280 mp, determined by means of a photoelectric 
spectrophotometer, mixtures of tyrosine and 
tryptophan may be analyzed with considerable 
accuracy provided the molar ratios are not greater 
than 20:1 either way. 

3. Using about 25 mg. of material, proteins may 
be analyzed with comparable accuracy if due 
correction is made for irrelevant continuous 
absorption. 


We are indebted to the Medical Research Council for a 
grant towards the expenses of this investigation. 
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Although serine was discovered by Cramer as long 
ago as 1865, its isolation by the older gravimetric 
methods was so laborious and intractable, except 
perhaps from the proteins of silk, that the values 
recorded in the literature for the amounts present in 
other proteins were no more than minimal estimates. 
Threonine, discovered as late as 1935 by McCoy, 
Meyer & Rose, was likewise in the same category; 
feeding experiments showed that its presence in 
proteins must be widespread, but quantitative data 
were entirely lacking. As a consequence, the new 
and indirect method introduced by Nicolet & Shinn 
(1939) for the estimation of these two hydroxy- 
amino-acids has attracted attention. 


Nicolet & Shinn showed that B-hydroxy-«-amino-acids 
react with periodates. Serine and threonine give ammonia, 
glyoxylic acid and a free aldehyde, and under suitably 
chosen conditions the reaction is quantitative and prac- 
tically instantaneous. The formaldehyde and acetaldehyde 
thus formed were made the basis for the determination of 
serine and threonine in protein hydrolysates. 

Shinn & Nicolet (1941) found that the acetaldehyde pro- 
duced from threonine is carried over by aeration at a pH 
close to 7, and preferably pH 7-0-7-2. In the case of protein 
hydrolysates, the formaldehyde produced from the serine 
does not cause contamination as it is held back by the large 
excess of primary amino groups present; with relatively 
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pure solutions of serine and threonine the tendency for 
inconvenient amounts of formaldehyde to volatilize may be 
sufficiently restrained by the addition of an adequate excess 
(10 mol. or more) of alanine. In their procedure for the 
estimation of threonine, the periodate reaction is carried out 
in the presence of a bicarbonate buffer and the pH main- 
tained within the suggested range by aeration with CO). 
The acetaldehyde is absorbed in sodium bisulphite solution 
and a subsequent titration gives a measure of threonine. 
As a routine procedure in protein analysis they admit that 
such evidence is not specific for acetaldehyde but, according 
to their experience, treatment of the bisulphite solution to 
yield again the aldehyde for precipitation with dimedone 
(Vérlander, 1929) always gave an approximately pure 
dimedone derivative. Martin & Synge (1941), exploring the 
possible use of the periodate reaction for the same purpose, 
could find no evidence for the presence of higher homologues 
of acetaldehyde, and hence of higher homologues of 
threonine, on treatment of a number of protein hydro- 
lysates. 

Continuing their studies, Nicolet & Shinn (1941a) found 
that the formaldehyde produced from serine could be 
determined as the dimedone derivative by adding the 
reagent to the residual acetaldehyde-free solution. From 
known mixtures, the recovery of serine ranged from 95 to 
98%. Meanwhile Van Slyke, Hiller, MacFadyen, Hastings 
& Klemperer (1940) had made use of the ammonia produced 
in the periodate reaction in their investigations on the 
structure of hydroxylysine, and had incidentally reported 
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that synthetic B-hydroxyglutamic acid gave the expected 
quantitative yield of ammonia under such treatment. 
Nicolet & Shinn (1942) subsequently pointed out that the 
ammonia produced on periodate oxidation of a protein 
hydrolysate gave a measure of the ‘total hydroxyamino- 
acids present’ and that in the absence of B-hydroxyglutamic 
acid (which yields no volatile aldehyde), the amount of 
ammonia formed should be quantitatively equivalent to the 
total volatile aldehyde given by serine, threonine and, if 
present, hydroxylysine. Their balance sheets for casein, 
lactalbumin and lactoglobulin showed that no more than a 
relatively insignificant amount of B-hydroxyglutamic acid 
could be present in any of these proteins after hydrolysis. 

Modifications of Nicolet & Shinn’s procedures have been 
introduced by subsequent workers. Winnick (1942) has 
adapted the micro-diffusion technique of Conway to the 
estimation of threonine as acetaldehyde, while Boyd & 
Logan (1942) prefer to estimate serine as formaldehyde by a 
colorimetric procedure after removal from the reaction 
mixture by distillation. Apart from their applicability in 
the estimation of smaller amounts of the hydroxyamino- 
acids concerned, neither of these modifications is necessarily 
superior to the original. Desnuelle, Antonin & Naudet 
(1944a, b) have also made use of colorimetric procedures for 
estimating the aldehydes without previous removal from 
the periodate oxidation mixture. 


The present work has been of somewhat slow 
growth. Initiated as nothing more ambitious than 
the simple application of the methods of Nicolet & 
Shinn tc various proteins of interest in this labo- 
ratory, apparent improvements have suggested 
themselves from time to time as experience has been 
gained. After adequate trial many of these have 
been subsequently discarded, yet some have stood 
the test and the modified procedures now presented, 
especially in the estimation of serine, incorporate 
certain features which experience suggests as 
advantageous. Much time has been devoted to the 
estimation of formaldehyde and to the question of 
whether the full amount of this aldehyde given on 
oxidation of protein hydrolysates can legitimately 
be ascribed to serine. This latter problem has been 
simplified by the dévelopment of the new procedure 
described later for the quantitative estimation of 
hydroxylysine, so that due allowance for the 
formaldehyde given by this base can be made. The 
data given later in Table 2, showing good equivalence 
between the NH, and the total volatile aldehyde 
obtained on periodate oxidation of various protein 
hydrolysates, serve to reinforce the conclusion to be 
drawn from the researches of earlier workers 
(Dakin, 1941; Nicolet & Shinn, 1942; Bailey, 
Chibnall, Rees & Williams, 1943) that B-hydroxy- 
glutamic acid, which would give ammonia but no 
volatile aldehyde, is not a constituent of the 
proteins concerned. 

The present estimation of threonine as acet- 
aldehyde follows closely that of Shinn & Nicolet 
(1941). The bicarbonate buffer is replaced by a 


‘ phosphate buffer so that acidification of the residual 
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acetaldehyde-free solution can be made without 
copious evolution of carbon dioxide, and excess 
arsenite is added (Boyd & Logan, 1942) to prevent 
the distillation of iodine during the subsequent 
removal of formaldehyde in steam. Under the 
conditions employed no significant oxidation of 
acetaldehyde occurs when this is carried over by 
aeration with air. To estimate serine, the formal- 
dehyde is removed by distillation in steam under 
appropriate conditions; this is trapped in sodium 
bisulphite solution, which is subsequently titrated 
with iodine in the usual way. Such a procedure, 
though non-specific, is speedy and makes use of the 
same reagents as are required for the estimation of 
threonine. As a precaution when dealing with 
protein hydrolysates, the steam distillate from one 
estimation is received direct in dimedone solution 
so that both the yield and the melting-point of the 
dimedone derivative can be checked. The procedure 
of Van Slyke, Hiller & MacFadyen (1941) with only 
one minor modification, has been used for the 
estimation of periodate ammonia-N. 

During the course of this work it has been 
necessary in all cases of protein or control mixture 
analysis to obtain a value for ammonia-N given 
after hydrolysis for 24 hr. with 20% (w/w) HCl. 
Such a value is always in excess of the true amide-N, 
and as both serine and threonine undergo a slow 
decomposition to give ammonia during hydrolysis, 
opportunity has been taken to compare the 
ammonia-N thus produced with the excess just 
mentioned. 


EXPERIMENTAL 


Procedures for the estimation of threonine, 
serine and periodate ammonia 


Reagents required. Potassium arsenite solution: 25 g. KAsO, 
are dissolved in water, diluted to 100 ml., and the alkalinity 
adjusted with n-H,SO, so that on addition of 1 ml. 0-5m- 
periodic acid to 1-5 ml. of the solution in 20 ml. water the 
pH is brought to 7-0 (bromthymol blue). In practice, it 
is more convenient to determine the amount of H,SO, 
required to bring 1-5 ml. of the arsenite solution in 20 ml. of 
water to the correct pH and add each reagent separately to 
the reaction tubes, as the adjusted reagent crystallizes from 
solution after 3-4 days. 

Commercial sodium bisulphite solution, sp.gr. 1-34. 5 ml. 
are diluted to 100 ml. as required. 

Phosphate buffer, pH 7-16. Made up as required by 
mixing 30 ml. of KH,PO, solution (18-156 g./l.) and 70 ml. 
Na,HPO, solution (19-536 g./l.). 

Periodic acid, 0-5 (114 g./l.). 

0-01 N-iodine. Prepared as required from stock 0-1N- 
solution. 

Starch solution. 0-5% in 20% (w/v) NaCl (filtered). 

Apparatus required. That of Shinn & Nicolet (1941) is 
used for the estimation by aeration of acetaldehyde and of 
periodate-ammonia. Four sets of tubes are usually run in 
series. For the separation of formaldehyde by steam 
distillation the same apparatus as that used for micro- 





634 


Kjeldahl ammonia is employed. The distillation flask, 
through which the stream is passed, is of 100 ml. capacity 
and is not surrounded by the usual vacuum jacket. This 
distillation flask stands on an asbestos plate provided with a 
window covered with wire gauze, under which is placed a 
gas burner so that the contents of the flask can be concen- 
trated if required. The apparatus is set up in quadruplicate. 

Estimation of threonine as acetaldehyde. The procedure is 
essentially that of Shinn & Nicolet (1941). One of the four 
sets of tubes contains a control mixture (approximately 
5 mg. serine, 5 mg. threonine and 50 mg. alanine) so that the 
percentage recovery of acetaldehyde in the other three can 
be estimated. Aeration is obtained by suction and a flow- 
meter is introduced between the suction pump and the 
complete apparatus. The incoming air is drawn through 
two wash bottles containing approximately 80 ml. dilute 
NaHSO, solution and then through another containing 
5% (w/v) NaOH. The four sets of tubes are connected in 
series through wash bottles containing 50 ml. 5% NaOH 
(changed after three estimations). 

To carry out the estimation approximately 3-5 and 2-5 ml. 
of bisulphite solution are added to the first and second 
receiver tubes respectively and diluted to 25 ml. A sample 
of the protein or test solution, containing between 1-5- 
7 mg. threonine and 2-7 mg. serine respectively is pipetted 
into the reaction tube and adjusted to pH 7-0 with n-NaOH. 
Arsenite solution (1-5 ml.) is then added, followed by the 
requisite amount of N-H,SO, and 6 ml. phosphate buffer, 
and the contents of the tube thoroughly mixed after finally 
adjusting the vol. to approximately 18 ml. When each of 
the four sets of tubes have been prepared in this way the 
stop-cocks of the separating funnels are closed and into each 
funnel is introduced 1 ml. 0-5M-periodic acid and 3 ml. 
water. The whole apparatus is then connected up, air drawn 


through slowly and the stop-cocks opened. After 3-4 min. | 


the rate of aeration is increased to 1 ]./min. and continued 
for 1 hr. The suction is then stopped and the contents of 
each pair of receiver tubes washed into a titration flask. 
These flasks are stoppered and set aside until the formalde- 
hyde distillations described below are completed. 

To estimate the acetaldehyde, the excess bisulphite is 
oxidized with approximately 0-1N-iodine and the final 
end-point obtained with 0-01N-iodine, 2ml. of starch 
solution being used as indicator (cf. Clausen, 1922). 
Approximately 7 ml. M-NaHCO, are now added and the 
liberated bisulphite titrated with 0-01N-iodine until the 
fading rate of the blue colour slows down. Another 2 ml. of 
the NaHCO, solution are now added and the titration 
continued; after adding a further 2 ml. the titration is 
taken to completion. When the final end-point is reached 
the blue colour is fairly stable and persists for 1 min. or 
longer. If need be, the end-point can be confirmed by 
adding an additionai 1 ml. NaHCO, solution. 

Estimation of serine as formaldehyde. After removal of the 
acetaldehyde by aeration the contents of each reaction 
tube are quantitatively transferred without undue delay to 
a micro-Kjeldahl distillation flask, into which 0-6 ml. 
n-H,SO, has already been run. By varying the size of the 
micro-burner flame and the rate of entry of steam, the 
distillation proceeds so that the contents of the flask are 
concentrated to a final vol. of 5 ml. in 30 min. The receiver 
flask, containing approximately 250 ml. of distillate, is 
stoppered and set aside until the acetaldehyde titrations 
have been completed. The procedure for the titration of the 
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formaldehyde is similar to that for acetaldehyde, except 
that 4 ml. of starch solution are used and 5% (w/v) Na,CO, 
replaces M-NaHCO,. These threonine-serine determinations 
are usually carried out in triplicate, one of the formalde- 
hyde estimations being made with dimedone. In this latter 
case, the formaldehyde is distilled into 25 ml. dimedone 
solution (saturated at room temperature). Crystallization 
of the dimedone derivatives is allowed to proceed for 24 hr. 
or longer after adjusting the solution to pH 4-6 (cf. Yoe & 
Reid, 1941). 

Estimation of periodate-ammonia. The preformed NH, 
present in the protein hydrolysate or in the control 
mixture was determined in the micro-Kjeldahl distillation 
apparatus, using N/70-HCl and n/70-NaOH. The measured 
sample, containing 1-2-1-7 mg. NH; was brought to pH 4 
with n-NaOH and then treated with 5 ml. borate-NaOH 
buffer, pH 11-0. The determination of periodate-NH, 
follows closely that of Van Slyke et al. (1941), with the 
exception that the NH, (periodate + preformed) was first 
aerated (for 45 min.) into excess H,SO, and then estimated 
by distillation as described above. 


Analysis of control mixtures 


The recoveries obtained with threonine and serine 
were 99+1% and 100+2% respectively as 
aldehyde and 99+ 1% and 99+ 1% respectively as 
periodate ammonia-N. During acid hydrolysis, 
however, both of these hydroxyamino-acids undergo 
a progressive decomposition linear with time, as 
represented in Figs. 1 and 2 (ef. Lowndes, Macara 
& Plimmer, 1941). The aldehyde and _ periodate 
ammonia-N estimations on the unchanged material 
are in good agreement in each case, and the N 
representing the decomposition products is present 
quantitatively as free NH,. After hydrolysis with 
20% (w/w) HCl for 24 hr. (the standard procedure 
for proteins) the aldehyde recovery of threonine was 
94-7 % and of serine 89-5%. To ascertain whether 
corrections based on these recoveries are permissive 
in the case of protein hydrolysates, appropriate 
analyses have been made on amino-acid control 
mixtures (cf. Tristram, 1946) representing hydro- 
lysates of insulin, edestin, horse globin and - 
lactoglobulin respectively. Interference might be 
expected if one or more of five amino-acids are 
present. Formaldehyde condenses readily with 
tryptophan. In keeping with this observation the 
recovery of serine as formaldehyde on analysis 
before hydrolysis of the control mixtures containing 
tryptophan (edestin, horse globin, B-lactoglobulin) 
was irregular, and duplicate determinations differed 
by several per cent. After hydrolysis, which 
destroys the tryptophan, the recoveries were 
normal and reproducible. Under certain con- 
ditions formaldehyde may condense with histidine 
(Neuberger, 1944) and thus reduce the recovery of 
serine as this aldehyde. The results for the globin 
control mixture, which contains a very high pro- 
portion of histidine show that under the experi- 
mental conditions employed, no appreciable loss 
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pt occurs. Glycine may also interfere with the protein hydrolysates, the recovery of formaldehyde 
Ys formaldehyde estimation of serine, but only if is lowered by no more than 4%. Nicolet (1943) has 
. present in amount representing 50% or more ofthe suggested that the presence of cystine might give 
= ‘ rise to high values for periodate ammonia-N. The 
100 analysis of the insulin control mixture, which 
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Fig. 2. Decomposition of threonine on HCl hydrolysis. 
5 10 15 20 25 30 35 40 45 50 55 60 (-} Ammonia obtained on hydrolysis. © Acetaldehyde 
° Time of hydrolysis (hr.) obtained on periodate oxidation. A| Ammonia obtained 
1S , a , : on periodate oxidation. 
a8 Fig. 1. Decomposition of serine on HCl hydrolysis. 
. (-] Ammonia obtained on hydrolysis. © Formaldehyde j - ‘ és 
“ obtained on periodate oxidation. /A\ Ammonia obtained contained 11-l 7% cystine-N (as % of total N), and 
30 on periodate oxidation. experiments with cystine itself, show that under the 
- conditions now employed no appreciable error is 
a total N of the amino-acid mixture, e.g. when used to involved. There is a suggestion nevertheless that the 
be replace alanine in the preceding operation to presence of a relatively large amount of cystine or 
al estimate threonine as acetaldehyde. Even under perhaps of tyrosine during hydrolysis has reduced 
N these rather extreme conditions, which are outside by 2-4% the subsequent recovery of serine as 
: those likely to be met with when dealing with formaldehyde. 
c Tabie 1. Estimation of serine and threonine in various control mixtures before and after hydrolysis 
or After hydrolysis 
. Before hydrolysis Corrected 
ie es for decom- 
I Found Found position 
)- Amount (Nas % Recovery (Nas % Recovery (N as % Recovery 
. Control mixture Type of N of N total N) y total N) % total N) (%) 
" Serine alone Serine-N 100 100 100 89-5 89-5 100 100 
6 Threonine alone Threonine-N 100 99-0 99-0 94-7 94-7 100 100 
h (Edestin) Serine-N 4-51 * * 4-03 89-2 4-50 99-8 
e Threonine-N 2-43 2-41 99-2 2-26 93-3 2-39 98-4 
5 Total aldehyde-N 6-94 ° ” 6-29 90-6 6-89 99-3 
Periodate-N 6-94 6-79 97-8 6-14 88-5 6-74 97-1 
B (Horse globin) Serine-N 4-60 *. . 4-03 87-6 4-50 97-9 
) Threonine-N 305 «3-04 995 292 95-9 308 101-0 
d Total aldehyde-N 7-65 * * 6-95 90-8 7-58 99-1 
h Periodate-N . 7-65 7-76 101-4 7-01 91-6 7-65 100-0 
e (Insulin) Serine-N 4-48 4-41 98-5 3-85 86-0 4-30 96-0 
. Threonine-N 1-57 1-56 99-3 1-47 93-8 1-55 98-7 
9 Total aldehyde-N 6-05 5-97 98-9 5-32 87-9 5-85 96-7 
f Periodate-N 6-05 5-97 98-8 5-40 89-4 5-95 98-3 
J 
(8-Lactoglobulin) Serine-N 3-34 * * 2-98 89-4 3-33 99-7 
? Threonine-N 3-85 3-84 99-7 3-62 94-0 3-82 99-3 
r Total aldehyde-N 7-19 = . 6-60 91-8 7-15 99-4 
Periodate-N 7-19 7-08 98-5 6-52 90-6 7-06 98-2 








* Recoveries were irregular, due to the presence of tryptophan (see text). 
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In all other respects the control analyses given in 
Table 1 show normal recoveries, and the data given 
in columns 8 and 9 show that corrections of 
100/94-7 and 100/89-5 to allow for the decomposition 
during hydrolysis of threonine and serine re- 
spectively are permissive. These corrections have 
accordingly been applied to the protein analyses 
given later in Tables 3 and 4, yet it should be 
emphasized that in these cases the application may 
not be strictly valid, since during the early stages of 
hydrolysis the hydroxyamino-acid concerned will 
be still in peptide combination, and hence perhaps 
more prone to decomposition than when in the free 
state. It is known that when serine is present in the 
protein in the form of an ester with phosphoric 
acid—as it is, for instance, to a small extent in 
casein—it undergoes considerable destruction on 
acid hydrolysis (Posternak, 1927; Damodaran & 
Ramachandran, 1941). 


Analysis of various proteins 


The protein preparations used in the present 
work have already been described (Chibnall, Rees 
& Williams, 1943; Macpherson, 1946). In all cases 
hydrolysis was effected by boiling with 20% (w/w) 
HCl for 24 hr. The data given in Table 2 show an 
excellent agreement between the total aldehyde 
recovery, expressed as N, and the periodate 
ammonia-N, in all cases except that of ovalbumin, 
which is referred to later. 


Table 2. Aldehyde-ammonia balance on periodate 
oxidation of various protein hydrolysates 


N as % protein-N 
c = ~ 
N 
equivalent 
of volatile 





Periodate 


Protein aldehydes ammonia Difference 
Amandin 4-65 4-61 + 0-04 
Casein 7-69 7-80 -0-11 
Collagen* 4-70 4-57 +0-13 
Edestin 6-34 6-28 +0-06 
Gelatin* 4-59 4-72 —0-15 
Gliadin 4-64 4-58 +0-06 
Haemoglobin (horse) 7-01 7-08 — 0-07 
Insulin 5-49 5-55 — 0-06 
B-Lactoglobulin 6-78 6-74 +0-04 
Myosin (rabbit) 6-52 6-43 +0-09 
Porcupine quill tip 7-23 7-33 —0-10 
Ovalbumin 9-76 9-02 + 0-74 
Salmine 3-07 3-00 +0-07 
Silk fibroin 11-34 10-98 +0-36 
Wool keratin 11-71 11-82 -0-11 


* Contains hydroxylysine. 


The analyses for threonine and serine are given in 
Tables 3 and 4, the data in columns 4 and 6 being 
based on recoveries of 94-7 and 89-5 % respectively. 
Values (uncorrected for decomposition on hydro- 
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lysis) obtained by other workers who have used the 
periodate method in one or other of its forms, or the 
method of microbiological assay, are given for 
comparison. Comment is perhaps premature as all 
the various procedures are new and have not yet 
been widely employed: nevertheless the data given 
in Table 2 make it difficult to believe that the values 
now reported can be much in error. As Chibnall 
(1946) has recently pointed out, the method of 
micro-biological assay has so many factors in its 
favour that it is likely to replace in the near future 
all others demanding a more laborious technique, 
provided that it passes the necessary stringent 
tests. The data for serine and threonine now pre- 
sented may perhaps contribute towards _ this 
ultimate goal. 


The estimation of serine as formaldehyde 
in the presence of carbohydrate 


Formaldehyde is produced on periodate oxidation 
of certain carbohydrates, so that the estimation of 
serine as this aldehyde in hydrolysates of proteins 
that contain a carbohydrate moiety (e.g. ov- 
albumin) or a carbohydrate adulterant (e.g. crude 
plant products) may well give fictitiously high 
values. Moreover, the fate of the carbohydrate 
material during the acid hydrolysis cannot be pre- 
dicted with certainty, so that it is impossible to 
suggest any simple and direct correction for the 
error thus introduced. The point can be illustrated 
by reference to ovalbumin. In Table 2 the value for 
total aldehyde-N exceeds that of periodate 
ammonia-N by 0-74%. According to Neuberger 
(1938), the carbohydrate moiety in 100 g. ovalbumin 
contains 1-8g. mannose and 0:9 g. glucosamine. 
A mixture of mannose and glucosamine in these 
proportions, and in amount equivalent to that 
present in an actual analysis of ovalbumin itself, 
was passed through the usual hydrolysis and 
periodate procedures. The serine-N equivalent to 
the formaldehyde produced was equal to 0-38 % of 
the total N of the ovalbumin assumed to be present. 
It should be pointed out here that in this, as in all 
such estimations, any volatile aldehyde (eg. 
furfuraldehyde) produced during the hydrolysis 
with acid will have been removed during the treat- 
ment preceding periodate oxidation. With the 
knowledge at present available it is thus clearly 
impossible to account for the full excess of formal- 
dehyde given by the ovalbumin itself. With proteins 
of this type therefore the serine-N, as a first 
approximation, must be estimated as the difference 
between the periodate NH,-N and the threonine-N. 
Such a procedure is reminiscent of the pioneer work 
of Martin & Synge (1941). In the case of ovalbumin 
the value for serine-N is thereby reduced to 6°17% 
of the protein-N (Table 4). 
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Table 3. Threonine contents of various proteins 
Literature 
Threonine-N as Wt. threonine/100 g. Wt. threonine/100 g. protein 
% protein-N protein - \ 
TotalN - A Yr A + Periodate Microbiological 
Protein (%) Found Corrected Found Corrected oxidation method assay method 

Amandin 18-75 1-64 1-73 2-62 2-77 — a 
Casein 15-65 3-22 3-40 4:31 4-55 3-54D, 4-6, 4-18, 4-2 

3-20), 4-320), 3-812) 

3-95 
Collagen 18-20 1-39 1-47 2-16 2-28 — = 
Edestin 18-65 2-30 2-43 3-64 3°85 2-201) — 
Gelatin 18-00 1-36 1-44 2-08 2-20 — 2-0 
Gliadin 17-66 1-33 1-40 1-98 2-09 2-92) a 
Haemoglobin (horse) 16-80 2-89 3-05 4-14 4:37 4-00) — 
Insulin 15-54 1-48 1-57 1-97 2-07 2-66, 3-200 — 
B-Lactoglobulin 15-58 3-66 3-87 4-84 5-11 4-72), 5-85 4-60 

5-35) 
Myosin 16-80 3-42 3-61 4-89 5-17 — 7 
Porcupine quill tip 16-1 2-69 2-84 3-68 3°89 — — 
Ovalbumin 15-76 2-85 3-02 3-83 4-05 4-80) 3-60 
Silk fibroin 18-71 0-94 0-99 1-49 1-57 1-54 1-36 
Wool keratin 16-3 4-38 4-63 6-08 6-42 — — 


(1) Stokes, Gunness, Dwyer & Caswell (1945). 
(2) Borchers, Totter & Berg (1942). 

(3) Winnick (1942). 

(4) Nicolet & Shinn (1942). 

(5) Nicolet & Saidel (1941). 

(6) Brand & Kassell (1942). 


(7) Nicolet & Shinn (19416). 
(8) Hier, Graham, Friedes & Klein (1945). 
(9) Williamson (1944). 
(10) Brand (private communication). 
(11) Desnuelle, Antonin & Naudet (19445). 
(12) Greenhut, Schweigert & Elvehjem (1946). 


Table 4. Serine contents of various proteins 


Literature 


Wt. serine/100 g. protein 


Serine-N as Wt. serine/100 g. % protein-N Micro- 
% protein-N protein (periodate Periodate biological 
TotalN -—— oxidation oxidation assay 
Protein (%) Found Corrected Found Corrected method) method method 
Amandin 18-75 3-01 3-36 4-24 4-74 -- _— = 
Casein 15-65 4-47 5-00 5-28 5-90 4-750 5-822, 5-0, 6-4 
5-38) 

Collagen* 18-20 2-21 2-46 3-01 3-37 3-22 — —_ 
Edestin 18-65 4-04 4-51 5-66 6-32 — 2-0® _— 
Gelatin* 18-00 2-11 2-36 2-85 3-18 — 3-32 3-8 
Gliadin 17-66 3-31 3-70 4-38 4-90 — — i 
Haemoglobin (horse) 16-80 4-12 4-60 5-18 5-79 4-43) 4-15® — 
Insulin 15-54 4-01 4-48 4-67 5-22 —- 3-57), 5-8 — 
B-Lactoglobulin 15-58 3-12 3-49 3-64 4:07 -- 3-12, 5-0M 3-2 
Myosin (rabbit) 16-80 3-10 3-46 3-91 4:37 —_— = = 
Porcupine quill tip 16-10 4-54 5-07 5-47 6-11 a = FS 
Ovalbumint 15-76 6-17 6-90 7-29 8-14 6-28 4-85) _— 
Silk fibroin 18-71 10-40 11-60 14-53 16-24 — 13-57 14-5@ 
Wool keratin 16-30 7-33 8-19 8-96 10-01 -- _— = 
Salmine 24-70 3-07 3-43 5-57 6-35 3-240) _— — 


(1) Boyd & Logan (1942). 
(2) Nicolet & Shinn (1942). 
(3) Nicolet & Saidel (1941). 
(4) Nicolet & Shinn (19415). 
(5) Williamson (1944). 


* Allowance made for hydroxylysine. 


The ammonia produced on the complete 
acid hydrolysis of proteins 


Many protein chemists have long considered that 
the ammonia produced on hydrolysis of proteins 
(20 % (w/w) HCl for 24 hr.) must be in excess of that 


(6) Stokes & Gunness (1945). 
(7) Brand (private communication); values carry a 10% 
correction for decomposition during hydrolysis. 
(8) Desnuelle et al. (1944a) 
(9) Nicolet & Shinn (1941a). 
+ See text. 


arising from acid-amide (asparagine and glutamine) 
residues on account of the decomposition undergone 
by certain of the amino-acid residues while still in 
peptide combination or after their appearance as 
free amino-acids. The progressive decomposition 
of serine and threonine illustrated in Figs. 1 and 2 
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shows that these two hydroxyamino-acids must 
contribute to this excess ammonia and data are now 
available to investigate the matter in detail. 
Values for the true amide-N of a series of proteins 
were obtained some years ago by the method of 
Gordon, Martin & Synge (1941) and have been 
quoted by Chibnall (1942, 1946), but the protocols 
have not yet been published. The protein (c. 0-25 g.) 
and 100ml. cone. HCl were maintained in an 
incubator at 37°. The protein dissolved fairly 
rapidly in all cases to give a clear solution. Samples 
were withdrawn at intervals, excess HCl removed in 
vacuo at 37°, and the free ammonia was determined 
in the micro-Kjeldahl apparatus after neutralization 
with NaOH and the addition of pH 11-0 buffer. The 
results are given in Table 5, which also includes data 
showing that 99% of the amide-N of asparagine is 
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set free in 220 hr., and that threonine, serine and 
citrulline give no more than 0-1 % of their total N as 
ammonia-N under these conditions. The ammonia- 
N set free on hydrolysis of various control mixtures 
and proteins with 20% HCl for 24 hr. was estimated 
as part of the procedure for the determination of 
periodate-N, and the values obtained are given in 
Table 6. 

Inspection of the data collected in Table 6 shows, 
in the first place, that the ammonia-N in excess of 
the true amide-N of the globin and edestin control 
mixtures is quantitatively accounted for in terms of 
threonine and serine decomposition. The first of 
these mixtures is rich in histidine and _ lysine, 
the second in arginine, so that all three bases 
are apparently stable to hydrolysis, confirming 
Macpherson (1946). With the insulin control there is 


Table 5. Amide-N of various proteins 


Amide-N as % total protein-N 


(Time of hydrolysis, cone. HCl, 37°) 
—A. 





“(20 hr.) (32hr.) (46hr.) (70hr.) (130 hr.) (180 hr.) (220 hr.) (300 hr.) (1000 hr. 

















Protein 
Amandin 10-8 = 13-87 = 15-64 — 15-70 15-84 15-80 
Casein 5-82 7-27 7-91 8-59 8-79 -- 8-99 9-05 9-07 
Edestin 3-50 5-10 6-27 8-20 9-25 9-39 9-47 9-49 o= 
Excelsin —_ = -— 8-01 7-96 
Gliadin 16-0 19-2 = 24-80 25°35 25-37 — 25-40 25-60 
Haemoglobin (horse) — 3-59 a 4-15 4:37 4-60 4-56 4-58 4-58 
Insulin -- — 8-92 -- 9-15 
B-Lactoglobulin 4-33 5-67 6-18 6-68 6-87 6-86 6-94 7-00 os 
Ovalbumin 3-00 4:15 oo 5-95 6°35 6-52 6-54 6-58 a= 
Saimine 0-0 - — 
Asparagine _— — 48-4 _— _ 49-40 49-80 49-80 — 
Serine -= 0-08 — —_ 
Threonine 0-11 — —_ 
Citrulline 0-25 -- 





Table 6. Details of the ammonia-N produced on hydrolysis of various control mixtures and proteins 
with 20% (w/w) HCl for 24 hr. 


(Results as % total N.) 


Ammonia-N 
given on 
hydrolysis 


Protein with 20% HCl Amide-N 
Edestin | ih iiininaslil 10-14 9-50 
Globin (horse) |” . ar 5-23 4-56 
Insulin ae 9-94 8-99 
B-Lactoglobulin ) cea 7-62 6-85 
Amandin 16-74 15-84 
Casein 10-10 9-05 
Edestin 10-36 9-49 
Gelatin 1-45 0-50 
Gliadin 26-10 25-4 
Haemoglobin (horse) 5-54 4-56 
Insulin 10-03 8-95 
B-Lactoglobulin 7-86 6-85 
Myosin (rabbit) 7-97 7-20@ 
Ovalbumin 7-80 6-58 
Porcupine quill tip 8-17 7-15 
Salmine 0-39 0-0 
Wool keratin 8-60 7-20 


(1) Gordon et al. (1941). 


Ammonia-N 


due to 
decomposition 
of serine and Unaccounted 
Difference threonine excess ammonia-N 
0-64 0-60 +0-04 
0-67 0-63 +0-04 
0-95 0-45 +0-50 
0-77 0-55 +0-22 
0-90 0-44 +0-50 
1-05 0-71 +0°34 
0-87 0-60 +0-27 
0-95 0-33 +0-62 
0-70 0-46 +024 
0-98 0-64 +0:34 
1-08 0-56 +0-52 
1-01 0-58 +0:43 
0-77 0-55 +0-22 
1-22 0-90 +0-32 
1-02 0-68 +0-34 
0-39 0:36 +0-03 
1-40 1-11 +0-29 


(2) Bailey (1944). 
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an unaccounted excess of 0-5% ammonia-N and 
this probably reflects the high content of tyrosine 
which is known to be slowly destroyed on acid 
hydrolysis. Compared with their control mixtures, 
edestin, haemoglobin and f-lactoglobulin show an 
unaccounted excess of about 0-3% ammonia-N, a 
value of the same order as that exhibited by most 
of the other proteins concerned, suggesting that 
certain amino-acid residues—and those of serine 
especially and of threonine must be suspect—are 
more prone to decomposition when still in peptide 
combination or during peptide splitting. It would 
be wise therefore to treat the values for threonine 
and serine in columns 4 and 6 of Tables 3 and 4 
with reserve, as the corrections applied may not 
adequately represent the decomposition suffered 
during the acid hydrolysis. The possible error 
nevertheless will not be very large, even if weighted 
strongly in favour of one or other of the two 
hydroxyamino-acids concerned. It is interesting 
to note that the ammonia given by salmine on 
20% HCl hydrolysis is quantitatively accounted 
for in terms of serine decomposition. 


Hydroxylysine content of various proteins 


Van Slyke et al. (1941) showed that hydroxy- 
lysine gave one equivalent of NH; on periodate 
oxidation, and made use of the observation to 
estimate the amount present in various proteins 
by applying the principle to a phosphotungstate 
precipitate of the bases. The only proteins in which 
they could find any significant amount of the 
hydroxy-base were gelatin and collagen. The 
electrodialysis procedure for the separation of the 
basic amino-acids (Macpherson, 1946) forms an 
ideal starting-point for the estimation of this 
particular hydroxyamino-acid, as the cathode 
solution thus obtained will contain no other (known) 
substance reacting with periodic acid. The periodate 
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oxidation procedure has been accordingly applied 
to the base (catholyte) solutions from all the 
proteins analyzed by Macpherson. In no case was 
any acetaldehyde, formaldehyde or periodate-NH, 
found except with gelatin and collagen, where the 
values for hydroxylysine-N were 1-2 and 1-1% 
respectively in terms of total protein-N. In both 
cases the value is higher than that recorded by Van 
Slyke and colleagues, showing the superiority of 
the electrodialysis procedure over that of phos- 
photungstic acid precipitation, which must be 
susceptible to solubility factors. The new values 
nevertheless are uncorrected for losses on decom- 
position during hydrolysis, as samples of pure 
hydroxylysine have not been available for test 


purposes. 
SUMMARY 


1. A modification of the Nicolet and Shinn 
periodate oxidation method for the estimation of 
serine and threonine is described. 

2. Details of the destruction of threonine and 
serine during hydrolysis with 20% (w/w) HCl are 
given. 

3. Serine and threonine values are presented for 
various amino-acid control mixtures and protein 
hydrolysates, obtained by estimating the aldehydes 
given on periodate oxidation. 

4. The total amount of aldehyde produced on 
periodate oxidation has been checked against the 
ammonia simultaneously produced. Agreement in 
all cases is good. 

5. The true amide-N and also the ammonia given 
on hydrolysis of the proteins with 20% HCl have 
been determined, and the difference between the 
two values is discussed. 


The author wishes to express his thanks to Prof. A. C. 
Chibnall for his constant advice and encouragement and to 
the Agricultural Research Council for a grant made to Prof. 
A. C. Chibnall covering the cost of this research. 
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Tetryl Dermatitis 


2. THE INTERACTION OF AROMATIC NITRO-COMPOUNDS 
WITH AMINO-ACIDS AND PROTEINS 


By I. A. BROWNLIE anp W. M. CUMMING, The Royal Technical College, Glasgow 


(Received 26 April 1946) 


It is generally assumed that simple chemical 
substances, which cause sensitization, do so by 
virtue of their power to couple with proteins, thus 
producing antigens after introduction into the 


body. Harington (1944) has established that 
substances related to tetryl (2:4:6-trinitrophenyl- 
methylnitramine) but lacking the full complement 
of aromatic nitro groups, fail to give a reaction 
when skin tests are made on guinea-pigs. Gell 
(1944) examined a number of compounds in an 
attempt to find those able to elicit skin reactions in 
tetryl sensitized guinea-pigs. He also described 
methods of making picryl-antigens from picryl 
chloride and rabbit serum, or guinea-pig globulin, 
but found that guinea-pigs were only weakly or not 
at all sensitized by intradermal injection of these 
picryl proteins. 

Such results indicated that a more direct 
chemical investigation of the interaction of tetryl 
and related compounds with skin protein was 
desirable. Astbury (1937) has pointed out that 
fibrous proteins such as keratin, and globular 
proteins such as egg albumin possess fundamentally 
the same structure and arrangement of amino- 
acids. It was decided, therefore, to use crystallized 
egg albumin in preliminary experiments, where 
indication of a general reaction was sought, and then 
by using pure amino-acids, to decide which, if any 
of these, reacted with the nitro compound used. The 
amino-acid constitution of crystallized egg albumin 
is given by Calvery (1932) and Vickery & Shore 
(1932), and that of human skin by Eckstein (1935) 
and Block (1935). 


METHOD 


The following materials have been employed: 

Nitro-compounds: tetryl (2:4:6-trinitrophenyl- 
methylnitramine), picryl chloride, picramide (2:4:6- 
trinitroaniline), N-methyl picramide, 2:4:6-trinitro- 
phenetole, 2:4:6-, 2:3:4-,'2:4:5-trinitrotoluene, and 
picric acid. 

Proteins and amino-acids: crystallized egg 
albumin, /( — )-cystine, /( — )-tyrosine, l( — )-histidine, 
U( +)-arginine, l( —)-tryptophan, U( + )-lysine, I(—)- 
methionine and /(+)-glutamic acid. Experiments 
were set up to determine the reactivity of each 
aromatic nitro-compound towards egg albumin and 
each of the amino-acids listed above. 


Solutions were prepared in 100 ml. conical flasks pre- 
viously cleaned with chromic acid solution. For each 
experiment 50 ml. amino-acid solution (0-0005m) and 50 ml. 
nitro-compound solution (0-0002M) were mixed, but for the 
experiments with crystallized egg albumin the protein was 
dissolved in 50 ml. nitro-compound solution (0-0002m), 
and the solution diluted to 100 ml. with distilled water. 
A complete system of control experiments was also set up. 
The solutions were kept in stoppered flasks at 37-5° in an 
electric oven with thermostatic control for periods from 2 
to 14 days. The pH of each solution was determined at the 
conclusion of the interaction period by means of a Cam- 
bridge pH recorder and a Morton glass electrode assembly, 
and the ultra-violet absorption spectrum determined using 
a Hilger E498 medium quartz spectrograph and Spekker 
photometer, the light source being a 15,000 V. tungsten- 
steel spark, and the slit width 0-02 mm. ¢ is the molecular 
extinction coefficient defined by ¢=(logy, I,/I)/cl, where 
I, and J=intensity of incident and of transmitted light, 
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respectively, c=concentration in mol./l., and 1=cell thick- 
ness in cm. The relative concentrations of the solutions were 
chosen after consideration of the absorption curves of the 
pure substances. 

In order to determine the effect of alkali on the absorp- 
tion curves of tetryl, two solutions of concentration 
00001 m and pH 8-2 and 9-1 respectively were prepared and 
maintained at 37-5° in absence of light for 14 days, and their 
ultra-violet absorption curves recorded at the conclusion of 
this period. The absorption curve of 2:4-dinitro-5-hydroxy- 
toluene was examined in order to find whether 2:4:5- 
T.N.T. was able to combine with the amino-acids or was 
simply hydrolyzed to 2:4-dinitro-5-hydroxytoluene due to 
the reactive NO, group in the 5 position. With the exception 
of picric acid, picramide, and N-methyl picramide 
(Brownlie & Cumming, 1946), none of the nitro-compounds 
examined exhibit selective absorption in the region 2300- 
5200 A. 


RESULTS 


The results obtained may be summarized as in 
Table 1. The spectrographic data of some of the 
experiments are presented in Figs. 1-6. The interval 
between points from which these curves were 
plotted was 50A. 





Egg Tyro- 

Nitro-compound albumin Cystine sine 
Tetryl if . b 
Picryl chloride + + + 
Picramide + - - 
Methyl picramide - - ~ 
2:4:6-Trinitrophenetole + + - 
2:4:6-Trinitroteluene - ~ ~ 
2:4:5-Trinitrotoluene * + * 
2:3:4-Trinitrotoluene c c c 


Picric acid 
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Table 1. Reaction, spectrographically determined, between nitro-compounds and egg albumin or amino-acids 
maintained in neutral or acid solution for 14 days at 37-5° 
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indicated that the solutions, in all the experiments 
described, are either neutral or on the acid side, the 
action of dilute alkali on the absorption curve of 
tetryl was investigated. It was found that when 
two tetryl solutions (0-0001m) of pH 9-1 and 8-2 
were left for 14 days at 37-5°, the solution of 
pH 9:1 exhibited selective absorption (A,,,. 3480A., 
«= 10,400, with slight inflexion 4 4000A.), but the 
solution pH 8-2 still showed only general absorption. 
All the tetryl solutions examined had in fact a 
pH lower than 7-5 so that this complicating factor is, 
therefore, excluded. 


DISCUSSION 

In such mixtures as those described, three effects 
other than a condensation of nitro-compound with 
amino-acid or protein are possible, viz. (a) de- 
naturation of protein, in this case, crystallized egg 
albumin; (b) hydrolysis of the nitro-compound 
in neutral or in mildly alkaline conditions; 
(c) formation of an addition compound between 
the nitro-compound and the amino-acid or 
protein. 











Histi- Argin- Trypto- Methion- Glutamic 
dine ine phan = Lysine ine acid 
a + + + + ~ 
=- + = ao _ - 
+ * + * * * 
c c c c c c 


* Hydrolyzed to 2:4-dinitro-5-hydroxytoluene. 


It was found that a definite time was required for 
the formation of condensation compounds already 
mentioned. For example, no change was obtained 
by boiling a solution of nitro-compound and amino- 
acid under reflux for 15 min. It will be observed 
from the figures that the following solutions show 
an increased intensity of absorption, and, therefore, 
increased reaction, with increase in time. 

Picryl chloride + 1( — )-cystine, 2days and 9-5days. 

Picryl chloride +/(—)-tyrosine, 5 days and 9-5 
days. 

Tetryl +/( —)-cystine, 5 days and 9-5 days. 

From the experience of these earlier experiments, 
the time of interaction was increased to 14 days. 
All the condensation reactions obtained took place 
at approximately neutral pH, but interaction 
between picryl chloride and egg albumin also took 
place at pH 11-7. Although the pH measurements 


c Hydrolyzed to 2:4-dinitro-3-hydroxytoluene. 





Considering possibility (a), denaturation of 
crystallized egg albumin in acid medium does not 
produce a change in the absorption spectrum of that 
compound, so that production of selective absorp- 
tion will indicate a condensation, if cases (b) and (c) 
are excluded. With regard to (6) it is known that 
2:3:4- and 2:4:5-T.N.T. are easily hydrolyzed to 
give 2:4-dinitro-3-hydroxytoluene and 2:4-dinitro- 
5-hydroxytoluene, respectively, and these com- 
pounds exhibit selective absorption in the region 
2300-5200 A. It was found that the above-mentioned 
compounds did, in fact, hydrolyze under the con- 
ditions of the experiments described, but the control 
solutions obviated the assumption of condensation 
compounds being formed. With regard to case (c) 
Jones & Neuworth (1944) have found that the 
ultra-violet absorption spectra of hydrocarbon- 
s-trinitrobenzene addition complexes have, at 
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concentrations 0-001mM in methanolic solution, ex- 
tinction values, which are at all wave-lengths the 


sum of the absorption of the hydrocarbon and s- 
trinitrobenzene. Hunter, Qureishy & Samuel (1936) 
have found that the absorption curve of the addition 
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3600 
AA. 


0 
5200 


Fig. 1. Tetryl+egg albumin —-— 
Picryl chloride + egg albumin ---—- 


ex 10-3 





Fig. 3. Picryl chloride +1( —)-cystine, 2 days at 32° —-— 
9-5 days at 32° ---- 


complexes, m-dinitrobenzene-«-naphthylamine and 
picric acid-naphthalene, are equivalent to a super- 
position of the curves of the first compound on those 
of the second. It is clear then, that addition com- 
pounds can be excluded as possible products of the 
interaction of nitro-compounds and amino-acids, 
when the change in the absorption curve of the 
solution is pronounced. 
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It is thus established, from the ultra-violet 
absorption spectrophotometric measurements, that 
tetryl, 2:4:6-trinitrophenetole, picryl chloride, 
2:4:5-T.N.T., picramide, and possibly methyl 
picramide, are capable of reacting with some or all 


14 






10 


ex 10-3 


Fig. 2. Tetryl +1( —)-cystine, 5 days at 32° —-— 
9-5 days at 32° ---- 


16 


12 


ex 10-3 


0. 
5200 2000 


Fig. 4. Picryl chloride +1( —)-tyrosine, 5 days at 32° —-— 


9-5 days at 32° ---- 


of the amino-acids present in human skin, under 
conditions equivalent to those prevailing therein. 
It must be borne in mind that some or all of the 
proteins may be more reactive in vivo than in vitro 
particularly in presence of enzymes, so that the 
interaction of amino-acids and aromatic nitro- 
compounds may even be increased in the presence 
of living tissue. 
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The mechanism of the reaction with 2:4:5-T.N.T. 
is probably similar to that postulated by Barger & 
Tutin (1918). They state that the 2:3:4- and 2:4:5- 
isomerides of T.N.T. condense with amino-acids on 
boiling in dilute alcoholic solution; the amino-acid 
becomes attached to the benzene ring by its amino 
group, in replacement of a reactive m-nitro group, 


16 
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2000 


3600 
AA. 


Fig. 5. Picryl chloride +1( —— 14 days at 37-5° 
Picryl chloride + 1( + )-lysine 


37-5° ----— 


which is eliminated. They obtained the condensa- 
tion product of 2:4:5-T.N.T. with f-alanine in the 
form of bright yellow needles (m.p. 166°). 

Romburgh & Maurenbrecher (1907) showed that 
tetryl reacted with amines to give picry] derivatives, 
and that methyl nitramine was formed at the same 
time. This work was followed up by James, Jones & 
Lewis (1920), who studied the action of amines on 
tetryl and found that addition compounds were 
first formed, which subsequently condensed to give 
picryl derivatives; they were unable to isolate any 
methyl nitramine. 

The absorption curves, shown in Figs. 1-6, have 
strong selective absorption with a maximum value 
in the same position as that of methyl picramide, 
and an inflexion in the region 4100A., resembling 
that exhibited by methyl picramide. The ratio of 
the extinction coefficients for inflexion to maximum 
has different values in the condensation products 
and in methyl picramide. It may be predicted that 
the respective condensation compounds obtained 
from tetryl, 2:4:6-trinitrophenetole, or picryl 
chloride with an amino-acid, will have a molecular 
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structure in which the nitramine, ethoxyl, or 
chlorine group is eliminated by the condensation of 
the nitro-compound with an amino group of the 
amino-acid. The similarity of this condensation 
compound with methyl picramide would be 
expected to give it a similar absorption curve, but 
differing in the ratio of the extinction coefficients of 


ex 10-3 





3600 2000 
AA. 
Fig. 6. Pieryl chloride +/( —)-histidine, 14 days at 
37-5" —.— 
Picryl chloride +U( —)-tryptophan, 14 days at 
37-5° —--- 


its two bands, these bands merging as in methyl 
picramide, to give an inflexion in the region 4100A. 
This idea is in accord with the results of Feraud, 
Dunn & Kaplan (1935), who find that the absorption 
curves of the following pairs of compounds are 
similar: benzene and phenylalanine; phenol and 
tyrosine; indole and tryptophan. 


SUMMARY 


1. The reactivity of tetryl and related aromatic 
nitro-compounds towards amino-acids known to be 
present in skin protein has been investigated. 

2. Absorption spectrophotometric measurements 
have indicated that tetryl, picryl chloride, 2:4:6- 
trinitrophenetole, and 2:4:5-T.N.T. react with 
certain of the amino-acids to form condensation 
compounds. 

3. These condensations take place at tempera- 
tures between 25 and 37-5°, and require about 
14 days for completion. 


The authors wish to thank the Ministry of Supply for 
permission to publish this work. 
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A Modification of the Fluorimetric Method of Determining Riboflavin 
in Biological Materials 


By E. C. SLATER anp D. B. MORELL, Australian Institute of Anatomy, Canberra, Australia 


(Received 17 April 1946) 


It has been known for some time that solutions of 
riboflavin exhibit a strong yellow-green fluorescence 
when irradiated with blue or ultra-violet light. 
Euler & Adler (1934) were the first to use this 
property of riboflavin as the basis of a method of 
determining the vitamin in biological materials 
and, since then, many workers have proposed 
various modifications. 

Najjar (1941) introduced a new principle by 
extracting the riboflavin into a non-aqueous phase. 
This promising method suffers in our opinion from a 
number of disadvantages, the most serious of which 
is the possibility that fluorescent compounds other 
than riboflavin are destroyed during exposure to 
sunlight. This paper deals with a new modification 
which overcomes these disadvantages. 

The chief differences from Najjar’s method are: 

(1) the use of a much larger amount of KMnO, 
(about 10 times as much); 

(2) the introduction of the ‘internal standard’ 
procedure to correct for quenching of the fluor- 
escence and to allow for 

(3) a controlled incomplete destruction of the 
riboflavin in the solutions. A series of short ex- 
posures to sunlight enables a check to be made on 
the specificity of the method. 

The following minor modifications of the Najjar 
procedure have been adopted for convenience: 

(1) the pyridine and butanol are added together ; 

(2) 3g.anhydrous Na,SO, are used instead of 5 g.; 

(3) the solutions are heated above the transition 
temperature of the reaction 


Na,SO,.10H,O +Na,SO,+10H,O 
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to avoid separation of the decahydrate (cf. Barton- 
Wright & Booth, 1943); 

(4) ethanol is added to the pyridine-butanol 
layer to avoid subsequent separation of water. 








METHOD 





If the riboflavin content of a solid material is to be 
determined, it is first necessary to prepare an 
aqueous extract of the material containing all the 
riboflavin. No general procedure for preparing this 
extract, suitable for all biological materials, can be 
recommended. Each material must be investigated 
separately before the most satisfactory method of 
extraction can be determined. Procedures which 
have been found suitable for some foodstuffs are 
given later in the paper. In this section the method 
of measuring the riboflavin in the aqueous extracts 
or in protein-free biological fluids such as normal 
urine will be considered. 

















Working directions 





Reagents 






Acetic acid—glacial, A.R. 

Riboflavin solution. A stock solution is prepared every 
few weeks by dissolving 20 mg. of pure riboflavin (dried over 
conc. H,SO,—see Note 1 on p. 645) in 1 1. water containing 
a few drops of acetic acid. Prolonged shaking is necessary 
for complete solution. The solution is stored in the dark 
under toluene. From it a solution containing 1-2yg./ml. 
riboflavin is prepared on the day of use. 

KMn0O, solution. A 6% aqueous solution is prepared on 
the day of use. 
H,0,. A 3% solution is used. 
Na,SO,—anhydrous, A.R. 
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Butanol-pyridine. To 8vol. redistilled pyridine are 
added 92 vol. redistilled n-butanol. A butanol-pyridine 
solution can be recovered from residues from previous 
determinations as follows. The residues are made alkaline to 
phenolphthalein with 30% NaOH, then filtered free from a 
brown precipitate and distilled. The distillate with a 
boiling range 93-118° is collected and its pyridine content 
determined by titration with 0-1 N-HCl, using bromophenol 
blue as indicator. Enough pyridine is then added to bring 
the concentration to 8% by vol. 


Fluorimeter 


The fluorimeter used in this investigation was the Klett- 
Summerson photoelectric instrument manufactured by 
Klett Manufacturing Co., New York. The method could, 
however, be adapted for other fluorimeters. The Klett- 
Summerson instrument has been described by Kavanagh 
(1941) and we (Slater & Morell, 1946) have discussed the 
procedure necessary for accurate results. All measurements 
have been made with a Corning 554 filter between the light 
source and the cuvette containing the solution, and Corning 
038 and 351 filters between the cuvette and photoelectric 
cell. The ‘standard’ solution was 0-25yg./ml. quinine 
sulphate in 0-ln-H,SO,. On the ‘standard’ side of the 
instrument, a Corning 597 filter was placed in the incident 
beam and a Corning 038 filter in the fluorescent beam. As 
riboflavin is rapidly destroyed by blue light (especially in 
butanol-pyridine solution), it is necessary to take a series of 
readings at various times after placing the cuvette in the 
light beam and to extrapolate to zero time (see Slater & 
Morell, 1946). 


Procedure 


The entire operation must be carried out in weak 
artificial light, and, if solutions have to stand for any length 
of time, they should be kept in darkness (see Note 2 on 
this page). 

Into three 50 ml. glass-stoppered measuring cylinders A, 
B and C (all solutions should be prepared in duplicate, i.e. 
a total of 6 cylinders is taken), 1 ml. acetic acid is pipetted. 
Into cylinders A and B, v ml. of the extract are pipetted 
(v depends upon the concentration of riboflavin and of 
interfering substances in the extract; it should not contain 
more than 1-2yg. riboflavin). Water (1 ml.) is pipetted into 
cylinder A, 1 ml. riboflavin solution into cylinder B and 
(v+1) ml. water into cylinder C. To each cylinder 1 ml. 
KMn0O, solution is added and the contents are mixed and 
allowed to stand for exactly 1 min. After addition of 1 ml. 
H,0, the cylinders are agitated gently to expel gases and 
3g. anhydrous Na,SO, are added through a long-stem 
filter funnel (so that Na,SO, does not come into contact with 
the upper part of the measuring cylinder), followed by 
25 ml. butanol-pyridine. The cylinders are immersed in 
warm water (at 45-60°) for a few min. to bring the contents 
to a temperature of at least 40°. They are then removed 
from the bath and shaken vigorously so as to dislodge the 
Na,SO, cake at the bottom. After cooling to room tempera- 
ture, they are again shaken vigorously for 2 min., the 
contents poured into a 50 ml. centrifuge tube and centri- 
fuged at 2000 r.p.m. for 4 min. From the clear upper layer 
20 ml. are pipetted into thin-walled soda glass test-tubes 
(see Note 3 on this page), containing 3 ml. ethanol and 
stoppered with corks covered with tin-foil. After mixing 
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20 ml. are pipetted into the cuvette of the fluorimeter and 
the fluorescence read, keeping the solution in the light beam 
for exactly 30 sec. The solution in the cuvette is returned to 
the test-tube. When the readings on the three solutions A, 
B and C have been taken, the test-tubes are placed in sun- 
light for a time sufficient to destroy between 80 and 95% 
of the riboflavin (see Note 4 below) and the fluorescence 
is redetermined in the fluorimeter. With each set of readings 
the standardization of the instrument should be checked, 
and if any change has occurred the readings are corrected 
by the method described by Slater & Morell (1946). Solution 
C should not change by more than 1 fluorimeter scale 
reading during exposure to the sun. 

Note 1. Our sample of riboflavin contained 1-8% water. 

Note 2. DeMerre & Brown (1944) have recently reported 
on the conditions of laboratory illumination necessary to 
prevent photochemical decomposition of riboflavin. 

Note 3. The test-tubes should be of the same wall thickness 
and of approx. equal bore. Soda glass test-tubes of 0-5 mm. 
wall thickness, 15 cm. long and 1-85 cm. external diameter, 
have been found suitable. 

Note 4. Artificial light could be used instead of sunlight, 
but it would be necessary to have a box so designed that all 
tubes receive the same intensity of illumination. 


Quenching of fluorescence 


If desired, the quenching of the fluorescence by foreign 
substances in the final butanol-pyridine-acetic acid solution 
may be determined by adding to a measuring cylinder D the 
same solutions as are added to cylinder C, with the exception 
that vml. only of water are used and 1 ml. riboflavin 
solution is included. The method of calculation of the 
percentage quenching is shown below. The riboflavin 
content of the extract can be determined without measuring 
the degree of quenching. 


Specimen calculation 


v=1 ml. 
Fluorimeter readings (corrected for any change in the 
instrument) : 
A B Cc D 
45-8 101-4 6-0 67-0 
2 


Before exposure—means 
15-8 22-7 5-8 13-1 


After exposure to 
sunlight—means 


53-9 
53-7 


30-0 78-7 0-2 
29-8 78-5 0 





Reduction 
Reduction, corrected for 
change in blank 


The reduction is due to destruction of riboflavin. The 
difference, 78-5 — 29-8 =48-7, is due to the destruction of the 
added riboflavin, i.e. 

48-7 =1-2yg. riboflavin, 
29-8 

99-8=—-— x 1-2=0-74ug. 

98=557*! 0-74ug., 


i.e. riboflavin content of extract =0-74yg./ml. 
The percentage destruction may be calculated as follows: 


Difference between A and B initial readings = 55-6. 


48-7 
% destruction = ——- x 100 = 87-5. 
; 556 
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The residual blank fluorescence (corrected for reagent 
blank) may be calculated as follows: 
Initial A — Initial C =39-8 
Final A-FinalC =10-0 
Difference 29-8 
Residual blank =39-8 — 3 x 29-8 
=39-8 - 34-0 
=5°8, 
which is equivalent to 


can 1-2yg./ml. riboflavin =0-12 wg./ml. 


The percentage quenching is calculated thus: 

In pure solution, 1-2y4g. riboflavin gives a fluorimeter 
reading of 53-7. 

In the extract, 1-2yg. riboflavin gives a fluorimeter 
reading of 48-7. 


s 53-7 — 48-7 ‘ 5-0 
% quenching = — a7 CO 100 = 53-7 


It is clear that these calculations are valid only if the 
following assumptions are justified: 

(1) the fluorimeter reading is proportional to the con- 
centration of riboflavin in the original extract; 

(2) the reduction of fluorescence is due entirely to 
destruction of riboflavin; 

(3) the percentage destruction of riboflavin is independent 
of the initial concentration of riboflavin. 

The validity of these assumptions is examined in the 
following section. 


x 100 =9-3%. 


EXAMINATION OF METHOD 


(1) Relation between fluorimeter reading and 
the amount of riboflavin in the extract 


This relation is shown in Fig. 1. The curves show 
that the fluorimeter reading is proportional to the 
amount of riboflavin in the extract up to at least 
2-4ug. riboflavin. We have arbitrarily fixed this as 
the maximum amount of riboflavin which can be in 
the solution (1-2yg. from the extract and 1-2yg. 
from the added riboflavin). It is possible that the 
linear relationship holds for higher concentrations 
of riboflavin, but we have not found it necessary to 
use such concentrated solutions. 


(2) Photochemical destruction of riboflavin 


The decomposition curve of riboflavin, as 
measured in the fluorimeter, using a Corning 554 
filter in the incident beam, is shown in Fig. 2 
(curves of similar shape are obtained by exposure to 
sunlight). The curve shows that destruction of 
riboflavin by light is not a simple exponential 
function of time, as would be expected if the 
destruction was a simple reaction involving only 
one molecule of riboflavin. It follows from the 
curve that the proportional destruction in any unit 
of time is not constant. This could be interpreted in 
two ways: 
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(1) that the reaction is not a unimolecular reaction 
with respect to riboflavin but is of a higher order 
(if this were so, the proportional destruction would 


Fluorimeter scale units 


1-0 15 2:0 25 
Riboflavin in sample. (ug.) 


Relationship between fluorimeter reading and 
amount of riboflavin in sample. x x Initial fluori- 
meter reading minus reagent blank. o——o Initial 
fluorimeter reading minus reading after irradiation (90% 
destruction of riboflavin). 


Fig. 1. 


80 
70 


60 


50 
40 
30 


Fluorimeter scale units 


10 20 30 40 50 «0 
Time of irradiation (min.) 
Fig. 2. Photochemical destruction of riboflavin in fluori- 
meter (Corning 554 filter). Readings are corrected for 
reagent blank. 
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be a function of the concentration and would 
decrease as the concentration of the riboflavin 
decreased) ; 

(2) that the proportional rate of destruction is 
dependent on the concentration of decomposition 
products, i.e. a reversible reaction is involved. 

The first possibility was excluded by simul- 
taneously subjecting solutions containing different 
amounts of riboflavin to sunlight for various 
intervals of time. The results in Table 1 show that 
the percentage destruction of riboflavin is inde- 
pendent of the initial concentration of riboflavin. 


Table 1. Effect of concentration of riboflavin on 
percentage destruction in sunlight 
Destruction (%) 
ee 
exposure 0-3 ug. 0-6 ug. 1-2yg. 2-4ug. 
(min.)* riboflavin riboflavin riboflavin riboflavin 
59 64 66 
79 78 79 
f ¢ 85 84 85 
34 89 88 89 
* Before the first exposure and between each exposure, 
the solutions were in the light beam of the fluorimeter for 
30 sec. 


That the second possibility is the true explana- 
tion of the shape of the decomposition curve is 
illustrated by the following readings obtained in the 
fluorimeter. A solution (containing 1-2yg. ribo- 
flavin), which had not been exposed to sunlight, 
gave an initial reading of 105-2, and there was a 
destruction of 23 % in 1 min. in the light beam of the 
fluorimeter. Another solution (containing 2-4yg. 
riboflavin), after 5 min. exposure to weak sunlight, 
gave a fluorimeter reading of the same order of 
magnitude (95-7) but, in this case, there was only 
7-3% destruction in 1 min. in the light beam. 

The shape of the decomposition curve suggests 
that at least two consecutive reactions are involved 
in the decomposition of riboflavin: 

Riboflavin = Intermediate decomposition products 

(Fast reaction.) 


Intermediate decomposition products 
— Further decomposition products 
(Slow reaction.) 


The unusual shape of the decomposition curve of 
riboflavin allows an easy check of the specificity of 
the method, that is, of the assumption that the 
reduction of the fluorescence is entirely due to 
destruction of riboflavin and does not include any 
destruction of other fluorescent compounds. This 
can be accomplished by carrying out a series of 
exposures to sunlight; after the readings have been 
taken at the end of the first exposure, the solutions 
are returned to the test-tubes and again placed in 
sunlight. The riboflavin content of the extract can 
be calculated from each series of readings. If the 
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figures thus obtained are the same (or show small 
variations without a definite trend), it can be 
assumed that no other fluorescent compounds un- 
stable to light are present. Examples of the use of 
this procedure are given in Tables 2 and 3. 


Table 2. Riboflavin content of an extract, calculated 
from a series of exposures to sunlight. Example 1 


Riboflavin content 
of extract 
(ug./mal.) 
0-100 
0-100 
0-100 
0-100 
* Before the first exposure and between each exposure, 


the solutions were in the light beam of the fluorimeter for 
30 sec. 


Time of 
exposure Destruction of 
(min.)* riboflavin (%) 
2 48-6 
% 74-3 
17 87-6 
42 91-7 


In the example shown in Table 2, the same 
result is obtained whether the readings obtained 
after 2 or 42 min. are used. If a fluorescent com- 
pound in the solution decomposed at a rate faster 
than riboflavin, the results calculated from short 
exposure times would be higher, and if it decom- 
posed at a slower rate than riboflavin, the results 
obtained from the long exposure times would be 
higher. Even if the initial rate of decomposition of 
this compound was the same as riboflavin, its 
presence would be revealed unless the shape of its 
decomposition curve was similar to that of ribo- 
flavin. 


Table 3. Riboflavin content of an extract, calculated 
from a series of exposures to sunlight. Example 2 


(Treatment with KMn0O, omitted.) 


Riboflavin content 
of urine 
(ug-/ml.) 

0-09 
0-19 
0-42 


Time of 
exposure Destruction of 
(min.)* riboflavin (%) 
5 75-6 
15 91-7 
30 94-4 
* Before the first exposure and between each exposure, 
the solutions were in the light beam of the fluorimeter for 
30 sec. 


The results in Table 3 were obtained by omitting 
the KMnO,. In this case it is obvious that a 
fluorescent substance other than riboflavin was 
present and that it was decomposed more slowly 
than riboflavin. When sufficient KMnO, was used 
(see below), this urine was found to contain 
0-04 ng./ml. riboflavin. 

For the sake of convenience, and also to avoid 
errors due to the presence of small amounts of 
slowly decomposing fluorescent substances (and 
these are more likely to be present than substances 
which are rapidly decomposed), it is desirable to 
avoid prolonged exposure to light. On the other 
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hand, if the exposure time is too short, errors due to 
slight differences in intensity of illumination of the 
solutions in the different tubes become more im- 
portant. The sensitivity also suffers. As a com- 
promise, exposures sufficient to destroy between 80 
and 95% of the riboflavin are considered most 
satisfactory. However, it is possible to obtain 
reliable results with most materials, even if the 
percentage destruction is outside this range. A new 
type of material should always be subjected to a 
series of exposures (as in Tables 2 and 3) in order to 
test the specificity, but only one exposure is 
necessary as a routine procedure. 

The times of exposure necessary for the degrees of 
destruction referred to above depend upon such 
factors as locality, weather, season and time of 
day. The following are examples of exposure times 
necessary in the mid-afternoon in Canberra 
(latitude 35° S., altitude approx. 2000 ft. above sea- 
level): 


Exposure Destruction 

(min.) (%) 

March, clear 5 69-7 
15 83-8 

30 90-0 

August, overcast 60 50-0 
July, raining 120 52-8 
February, ‘weak’ sunlight 5 55-9 


It should be noted that the percentage destruc- 
tion refers to the total destruction effected by the 
30 sec. exposure to the beam in the fluorimeter 
(this causes an average destruction of about 14%), 
followed by the exposure to sunlight. Test-tubes 
referred to in Note 3 (p. 645) were used and the 
tubes were placed vertically in a test-tube rack. 

On very overcast or rainy days it is often not 
possible to obtain 80% destruction of the ribo- 
flavin. However, even under these circumstances, 
50% destruction can be obtained, and it is possible 
to determine the riboflavin content of the extract 
from such figures, with a little loss of accuracy. 





(3) Effect of quantity of KMnO, used © 


The KMnO, destroys a large proportion of the 
non-riboflavin fluorescent compounds, so reducing 
the residual blank. Moreover, a sufficient excess of 
KMn0O, completely destroys light-labile fluorescent 
compounds, other than riboflavin. This is true for 
all extracts of biological materials studied by the 
authors. Sometimes a larger excess of KMnO, than 
usual has been necessary; but, whenever a trial of 
the type exemplified in Table 3 has shown that 
light-labile fluorescent compounds, other than ribo- 
flavin, are present, a further determination, in 
which the proportion of the volume of KMnO, to 
the volume of the extract was greatly increased, 
has given satisfactory results. It was sometimes 
necessary to use 2 ml. 6% KMn0Q, to 1 ml. extract. 


E. C. SLATER AND D. B. MORELL 








1946 


Table 4 shows that these large amounts of KMn0, 
cause some destruction of riboflavin, but the internal 
standard procedure avoids any error due to this 
destruction, provided that the time of reaction is 
carefully controlled. 


Table 4. Destruction of riboflavin by KMnO, 


Mean fluorimeter 


Vol. of reading* (corrected Destruction of 
KMn0, for reagent blank) riboflavin (%) 
i 0 90-24. 1-5f — 
ri 1 85-341-5¢ 5-4 
II 2 81-5+1-5¢ 9-6 


* These readings were obtained as follows: 

I. Taken, 1 ml. acetic acid, 1 ml. riboflavin solution 
(1-2yug./ml.), 4 ml. water, then proceeded according 
to the usual method. 

Il. Taken, 1 ml. acetic acid, 1 ml. riboflavin solution, 
2 ml. water, 1 ml. KMnO,, after 1 min. 1 ml. H,0,, 
then as usual. 

III. Taken, 1 ml. acetic acid, 1 ml. riboflavin solution, 
2ml. KMn0O,, after 1 min. 2 ml. H,O,, then as 
usual, 


+ Standard error of mean. 


(4) Effect of volume of sample taken 


This was investigated by adding various volumes 
of water to cylinders containing | ml. acetic acid 
and 1 ml. riboflavin solution, and then following the 
usual procedure ; 3 g. Na.SO, were sufficient for up to 
7 ml. water added, 7 g. were necessary when 15 ml. 
water were added. The results are given in Table 5. 


Table 5. Effect of volume of sample on 
fluorimeter reading 


Fluorimeter units 


Water added (initial reading — reading 


(ml.) after irradiation) 
0 82-6+ 1-3* 
7 845+ 1-3* 
10 87-24 1-3* 
15 82-54 1-3* 


* Standard error of mean. 


They show that the readings actually increase 
with increasing volume of sample until about 10 ml. 
are added, thereafter the readings decrease. The 
increase is probably due to reduction of the volume 
of the butanol-pyridine-acetic acid layer, without 
concomitant loss of riboflavin into the aqueous 
phase. However, when the volume of aqueous 
phase increases beyond a certain point, the amount 
of riboflavin, which is not extracted from the 
aqueous phase, becomes the more important factor. 
The results indicate that, when small volumes of the 
extract are used, the extraction of riboflavin into 
the butanol-pyridine-acetic acid phase is probably 
complete. They also illustrate the necessity for 
keeping the volume of the aqueous phase in all the 
cylinders constant. 
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The volume of extract which can be taken for 
the determination is limited by the following con- 
siderations: 

(1) it should contain not more than 1-2yg. 
riboflavin ; 

(2) there must be a sufficient concentration of 
KMnQ,. 

With materials containing small amounts of 
riboflavin, it is desirable that a volume of extract as 
large as practicable should be taken. This is limited 
by the necessity for a sufficient concentration of 
KMn0,. 

(5) Order of addition of reagents 


In the procedure of Najjar (1941) the pyridine is 
added before the KMnO,. We obtain considerably 
lower reagent blanks, which are, moreover, con- 
siderably more stable to sunlight, if the pyridine is 
not added until the KMnO, has been destroyed by 
the H,O,. This phenomenon may be due to an 
impurity in our pyridine (redistilled ‘Baker’s 
Analyzed’ C.P.). The pyridine is most conveniently 
added in solution with the butanol. 


(6) Amount of Na,SO, 


Najjar (1941) and Barton-Wright & Booth (1943) 
used 5 g. Na,SO,. However, it is only necessary to 
saturate the aqueous phase with Na,SO,; we have 
found 3g. to be sufficient for this purpose, even 
when 7 ml. of extract is taken, and the smaller 
amount causes less trouble. In our experience, it is 
important to keep the Na,SO, in the anhydrous 
state throughout the process. If Na,SO,.10H,O 
separates, it occupics a large volume and all of the 
aqueous layer and much of the organic layer are 
trapped in the crystals. This causes difficulty in the 
extraction of the riboflavin from the aqueous to the 
organic layer. The separation of the decahydrate is 
prevented by heating above 32-4°, the transition 
point between the anhydrous salt and the de- 
cahydrate. Above this temperature, anhydrous 
Na,SO, always crystallizes from water (Ephraim, 
1934). When this solution is cooled below 32:-4°, it 
crystallizes if nuclei of Na,SO,.10H,O are present, 
but if these are excluded the solution becomes more 
and more unsaturated, since the solubility of 
anhydrous Na,SO, rises with falling temperature. 
It is therefore necessary to exclude decahydrate 
nuclei and this can be most easily achieved by 
keeping the entire contents of the cylinder above the 
transition temperature for a short period, since, in 
this way, any decahydrate present will be converted 
to the anhydrous form. Barton-Wright & Booth 
(1943) heated to 35-40°. We prefer to heat the 
cylinders to above 45°, then to mix quickly so that 
portions of the cylinder above the water-bath will 
also be above the transition temperature. In this 
way, any decahydrate on the upper portions of the 
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cylinder is converted to the anhydrous salt. If this 
is not done, crystallization of the decahydrate often 
occurs during the final shaking after the contents 
have cooled to room temperature. This, too, is the 
reason for the long-stem filter funnel. Even with 
all these precautions, decahydrate occasionally 
separates (especially in cold weather) and the 
cylinder must be reheated. 


(7) Quenching of fluorescence 


Pigments reduce the intensity of, or quench, the 
fluorescence by absorbing part of either the incident 
light or the fluorescent light, or both. Any error 
due to quenching is eliminated by the use of the 
‘internal’ standard, since the degree of quenching 
of the fluorescence of solution A will be the same as 
that of solution B. This is illustrated by the follow- 
ing example. Sulphaguanidine (0-2%) was added 
to a portion of a sample of urine in order to test the 
applicability of the method to urines containing 
this drug. The riboflavin contents of the untreated 
and treated urines were determined with the results 
shown in Table 6. 


Table 6. Quenching of fluorescence by 
sulphaguanidine 
(Procedure and calculation as described on p. 645.) 
Urine- 
Urine- sulphaguanidine 
untreated added 
A + A 


A B A B 


~\ 


Fluorimeter readings : 
Initial 68-0 162-7 45-5 103-5 
After irradiation 22-3 38-1 149 23-4 


45-7 1246 306 80-1 





45-7 30-6 
78-9 49-5 
, rae i a 
—" ss pal x 1-2=0-69 oe x 1-2=0-74 
Quenching (%) 6 41 


Thus, although the sulphaguanidine caused a 
considerable increase in the quenching of the 
fluorescence, that is, a reduction of all fluorimeter 
readings, the reduction was in about the same 
proportion in every case, so that the final calcula- 
tions for the amount of riboflavin in the sample 
showed a difference of only about 7%. If the 
‘internal’ standard procedure had not been 
adopted, it would have appeared that urines con- 
taining sulphaguanidine contained 33% less ribo- 
flavin than urines not containing the drug. 


(8) Reproducibility of the method 


The reproducibility of the method is illustrated 
by the following example. A sample of urine was 
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analyzed on twelve separate occasions with the 
following results: 

0-547, 0-578, 0-550, 0-584, 0-537, 0-483, 0-516, 0-586, 
0-544, 0-532, 0-548, 0-545, mean 0-546 yg./ml.; stan- 
dard deviation 0-0290; coefficient of variation 5-3 %. 

The percentage error of the method (if one defines 
the error as a quantity x such that 95% of results 
will lie within mean + 2) is about 2 x 5:3= 10-6 %. 


(9) Use of an adsorbent 


Some urines were analyzed by the method pro- 
posed in this paper and also by a method involving 
a preliminary adsorption on Florisil (Floridin Co., 
U.S.A.). The procedure followed in the latter method 
was essentially that of Barton-Wright & Booth (1943) 
up to the elution stage. The sample of Florisil used 
adsorbed the riboflavin readily, but elution was 
incomplete. This fact did not, however, introduce any 
systematic error into the method, as the ‘internal’ 
standard procedure was followed. 


Experimental procedure. Urine (5 ml.), undiluted in the 
case of urine 1, diluted 1 to 5 in the case of urines 2-5, was 
adjusted to pH 5-0 and diluted to 100 ml. Amounts of 
20 ml. were transferred to four 50 ml. centrifuge tubes A, 
B, C and D. Riboflavin solution (1 ml., 1-2ug./ml.) was 
added to B and D and 1 ml. water to A and C. To each tube 
was added 0-5 g. Florisil (Floridin Co., U.S.A.) and the mix- 
ture stirred mechanically for 5 min. After centrifuging and 
pouring off the centrifugate, 20 ml. water were added, the 
mixture stirred by hand for 2 min. and centrifuged. The 
centrifugate was discarded and as much water as possible 
drained off. The eluting solution (6 ml. of a mixture of 
water 9 vol., pyridine 5 vol. and acetic acid 2 vol.) was 
added, and the contents stirred mechanically for 5 min. and 
centrifuged. The centrifugate was added to a 50 ml. glass- 
stoppered measured cylinder and a further 2 ml. eluting 
solution added to the centrifuge tube. The contents of the 
tube were stirred by hand for 2 min., centrifuged and the 
centrifugate added to the same cylinders as previously. The 
method proposed in this paper was then followed. A fifth 
cylinder, containing 8 ml. eluting solution, was treated as 
the reagent blank. 

The results are shown in Table 7. 





Table 7. Comparison between proposed method 
and method using Florisil 


Riboflavin content 


A 


\ 





Method Residual blank* 
Proposed using \ 

method = Florisil Method 
(ug./ml.) (pg./ml.) I x 109 Proposed using 

Urine I Il x method  Florisil 
ly 0-02 0-01 —_— 0-14 0-01 
2 0-48 0-44 90 0-08 0-01 
3 0-35 0-40 115 0-22 0-01 
4 1-15 1-03 90 0-16 0-03 
5 0-41 0-36 89 0-24 0-06 


Mean 96 


* Equivalent to yg./ml. riboflavin in urine. 
+ From a riboflavin-deficient rat. 
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The reproducibility of the method using Florisil 
was not very satisfactory and this probably 
accounts for the differences between the riboflavin 
contents of the individual urines as determined by 
the two methods. However, there was no significant 
systematic difference between the results obtained 
by the different methods. 

As would be expected, the method using Florisil 
gave a lower residual blank, but this appeared to be 
its only advantage. It was extremely tedious com- 
pared with the proposed method. 


(10) Comparison of fluorimetric and 
microbiological methods 


In Table 8 some comparisons of the results 
obtained by the fluorimetric and microbiological 
methods are given. The microbiological determina- 
tions were carried out by Dr C. White, who has a 
paper on the method in preparation. The micro- 
organism used was Lactobacillus casei. The figures in 
Table 8 show that there is no systematic difference 
between the results obtained by the two methods. 
The results for the urine from the riboflavin -deficient 
rat show that the fluorimetric method is at least as 
specific as the microbiological method. 


Table 8. Comparison of the fluorimetric with 
the microbiological method 


Riboflavin content 


(ug./ml.) 
6 
By fluori- By micro- 

metric biological 

method method 
Sample (F) (M) M/F x 100 
Urine 1* 0-02 0-05 _— 
Urine 2 0-45 0-43 96 
Urine 3 1-15 0-97 84 
Urine 4 0-35 0-40 114 
Urine 5 0-34 0-31 89 


Mean 96 


* From a riboflavin-deficient rat. 





APPLICATIONS OF THE METHOD 


The method has been applied successfully to the 
measurement of riboflavin in rat and human urine 
and in many food materials. Its application to 
urine and a comparison with other methods which 
have been used for urine are discussed in another 
paper (Morell & Slater, 1946). 

The results of determinations on miscellaneous 
foods are given in Table 9. A number of different 
methods of extraction has been used. It is im- 
possible to specify a single method for all foods; the 
best method of extraction must be determined by 
trial with each type of food material. Morell (1946) 
has compared a number of different methods of 
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extracting riboflavin from wheat and wheat pro- 
ducts. Protein-bound riboflavin is present in some 
foods and, in addition, riboflavin appears to be 
readily adsorbed on the protein of eggs and milk. 
Unless the protein is largely broken up during the 
preparation of the extract, low figures are obtained. 
This is revealed by carrying out a ‘recovery’ test, 
ie. a known amount of riboflavin is added to a 
second sample of food and the same treatment is 
subsequently applied to both. If any material 
adsorbs some riboflavin, about the same proportion 
of the added riboflavin will also be adsorbed and a 
low recovery will be obtained. The recovery test 
also reveals whether riboflavin has been lost in any 
other way (e.g. by exposure to light), but it does not 
give any information on the completeness of the 
extraction. 


Table 9. Riboflavin content of some foodstuffs 


Recovery 
Method Riboflavin of added 
of content riboflavin 
Foodstuff extraction* (yg./g.) (% 
Tinned meat and A 1-00 93 
vegetable stew 
Tinned meat and A 0-85 96 
vegetable hash 
Tinned corned beef A 0-64 97 
hash 
Tinned meat and A 0-76 95 
beans 
Tinned black-currant A 0-22 104 
spread 
Wheatmeal biscuit A 0-93 105 
Fruit and cereal block A 0-69 98 
Tea infusion -- 0-057 _— 
Caramel confection B 5-0 93 
Cheese—Kraft B 4-0 107 
Chocolate B 3-4 95 
Wheat luncht B 2-9 -= 
Peanut butter B 0-76 93 
Mean 98 
* See this page. T pg./ml. 


{ A preparation containing 35% wheat germ. 


Method of extraction A 


The sample was minced or ground and 10-25 g. taken. 
Acetate buffer (150 ml., pH 4-5), 5 ml. takadiastase sus- 
pension (0-2 g. takadiastase suspended in 10 ml. water), 
5 ml. papain suspension (0-2 g. papain made into a paste 
with a little glycerol and dispersed in 10 ml. water), 1 ml. 
32% KCN and 1 ml. toluene were added. The KCN was 
added to activate the papain. The recovery test was 
carried out by adding 5 ml. riboflavin solution (20 yg./ml.) 
to another weighed sample. A blank determination (to 
allow for riboflavin in the enzymes) was made by mixing 
5ml. takadiastase suspension, 5 ml. papain suspension, 
1ml. KCN, 30 ml. acetate buffer and 1 ml. toluene. All 
flasks were incubated at 37° overnight and made up to 
200 ml., 500 ml. (recovery) and 50 ml. (blank) respectively. 
The solutions were filtered and the riboflavin determined on 
4 ml. of the clear extract. With the black-currant spread, it 
was necessary to use 2 ml. KMnO, and 2 ml. extract pre- 
pared from a 25 g. sample. 
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Method of extraction B 


A sample, 2-10 g., was autoclaved with about 80 ml. 
0-25 Nn-H,SO, for 30 min. at a pressure of 15 lb./sq. in. The 
mixture was made up to 100 ml., filtered and the ribo- 
flavin determined on 4 ml. of the filtrate. 


DISCUSSION 


The method described in this paper differs from the 
other methods of determining riboflavin which have 
been described in the literature by including a test 
for specificity. With methods employing the hydro- 
sulphite blank, there is no certainty that fluorescent 
substances other than riboflavin are not reduced— 
indeed, our experience is that this often occurs. 
Similarly, when the ‘irradiation blank’ is used 
according to the methods of Najjar (1941) and 
Barton-Wright & Booth (1943), there is no test to 
determine whether other fluorescent substances are 
destroyed during the irradiation. The failure of the 
published chemical methods to measure correctly 
the riboflavin content of urine is discussed in 
another paper (Morell & Slater, 1946). The speci- 
ficity of even the microbiological method cannot be 
accepted without question. Price (1945) states that 
‘because of the presence, in certain types of sample, 
of substances stimulating to L. casei, invalid assays 
are not uncommon’. With our method, only sub- 
stances which are decomposed at about the same 
rate as riboflavin (with a similar decomposition 
curve) can pass the specificity test. Direct evidence 
of the specificity of the method as applied to rat 
urine is given by the extremely low figure obtained 
on a sample of urine from a riboflavin-deficient rat. 

Our experience with Florisil has been similar 
to that of Rubin & DeRitter (1945), who have 
recently discussed the dangers of relying upon this 
adsorbent. Our results show that the use of 
Florisil did not increase the specificity of the 
method. 

The shape of the decomposition curve is in- 
teresting. Using artificial light, DeMerre & Brown 
(1944) have observed a somewhat similar pheno- 
menon. They found that, when a solution of ribo- 
flavin in butanol-pyridine-acetic acid was exposed 
to artificial light, ‘the final destruction amounted to 
slightly less than 60% of the original quantity of 
riboflavin exposed. After 60 min. radiation, very 
little additional destruction was observed suggesting 
that some protective factor has been developed 
during the radiation or that some factor had been 
introduced which interferes with the accurate 
fluorimetric estimation of riboflavin.’ 

The nature of the compound or compounds 
formed when riboflavin is decomposed in pyridine- 
butanol-acetic acid solution is unknown. Karrer, 
Saloman, Schopp, Schlittler & Fritzsche (1934) 
showed that, in aqueous neutral or acid solution, 
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lumichrome (6:7-dimethyl-isoalloxazine) is pro- 
duced by the irradiation of riboflavin, while Warburg 
& Christian (1933) showed that lumiflavin (6:7:9- 
trimethyl-isoalloxazine) is formed in alkaline 
solution. Both these compounds exhibit a blue 
fluorescence. Karrer et al. (1934) showed that the 
nature of the solvent had a considerable influence on 
the yield of the decomposition products, but did 
not investigate the products of decomposition in 
butanol-pyridine-acetic acid solution. The decom- 
position in this solution is so much more rapid than 
in aqueous solution that it is quite possible that the 
decomposition takes a different course. We found 
that the pH of the butanol-pyridine-acetic acid 
solution, diluted fourfold with water and ethanol, 
was 4-6. 

The method is sufficiently sensitive for most 
purposes. The smallest amount of riboflavin which 
can be measured with an accuracy of 10% is about 
0-lug. The limit of sensitivity of the method, i.e. 
the smallest amount which can be regarded as 
significantly greater than zero, is about 0-01 ng. The 
smallest concentration which can be measured 
depends upon the size of the aliquot taken, which in 
turn depends upon the amount of interfering 
substances present. 
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SUMMARY 


1. A modification of the fluorimetric method of 
determining riboflavin in biological materials, 
based on the method of Najjar (1941) but differing 
in several important respects, is described. 

2. The method differs from those previously 
described by including a test for specificity. 

3. The photochemical destruction of riboflavin is 
not a simple exponential function of time, but is 
dependent upon the concentration of the decom- 
position products, ie. a reversible reaction is 
involved. 

4. High concentrations of KMnO, rapidly 
destroy riboflavin. 

5. The introduction of an additional purification 
step involving adsorption on Florisil did not increase 
the specificity of the method. 

6. In general, figures obtained by the proposed 
method agreed closely with those obtained by a 
microbiological method. 

7. The accuracy of the method is about 10 % and 
the limit of sensitivity about 0-01 yg. 


We wish to thank Miss C. E. Francis for some of the 
analyses in Table 9 and Dr C. White for the analyses made 
by the microbiological method in Table 8. 
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The Fluorimetric Determination of Riboflavin in Urine 


By D. B. MORELL anp E. C. SLATER, Australian Institute of Anatomy, Canberra, Australia 


(Received 17 April 1946) 


In a previous paper (Slater & Morell, 1946a), we 
described a specific method for the determination of 
riboflavin in biological materials. The development 
of this method was made necessary by our finding 
that the methods commonly employed for the 
measurement of riboflavin in urine were non- 
specific and seriously over-estimated the riboflavin 
content of urines containing small amounts of the 
vitamin. 


Since much of our knowledge of the metabolism 
of riboflavin (especially in man) is based upon 
determinations of the urinary excretion of ribo- 
flavin, it is useful to know the order of magnitude of 
the errors associated with the various methods of 
estimation. This is the purpose of the present paper, 
which presents the results of a systematic com- 
parison of various methods of determining ribo- 
flavin in human and rat urine. 
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The following methods were compared: 

Method 1. This method, like that used by 
Ferrebee (1940) for urines containing 0-5yg./ml. or 
more of riboflavin, involved no purification of the 
urine and the hydrosulphite blank was used. It 
differed from Ferrebee’s method in that the internal 
standard procedure was followed. 

Method 2. This was the method of Hodson & 
Norris (1939). 

Method 3. In this method, the urine was purified 
by oxidation with cold KMnO, and H,O, and the 
hydrosulphite blank was used. It was similar to 
that used by many workers, e.g. Sure (1944),with the 
addition, as in Method 1, of the internal standard. 

Method 4. This method involved adsorption on 
Florisil and measurement of the fluorescence in the 
eluate after dilution with water. The hydro- 
sulphite blank and internal standard were used. The 
method of adsorption and elution was the same as 
that of Barton-Wright & Booth (1943). 

Method 5. This was essentially Najjar’s (1941) 
direct method. 

Method 6. This was essentially Najjar’s (1941) 
indirect method. 

Method 7. This was the method of Slater & 
Morell (1946a). 


EXPERIMENTAL 
Urines analyzed 


The following samples of urine were analyzed: Al, A2— 
from rats fed a riboflavin-free diet for 5 weeks after weaning; 
B—from rats fed the normal diet of the colony; Cl, C2, 
C3—from a healthy human on an ordinary diet. The rat 
urines were considerably diluted by the water used to wash 
the sides of the metabolism cage. All the urines were 
analyzed on the day of collection and urine C3 was again 
analyzed after 1 month’s storage at room temperature at 


pH 1-0. 
Methods 


Method 1. Urine A or B (10 ml.) or C (5 ml.) were adjusted 
to pH 7-0-7-5, diluted to 200 ml. and filtered. The following 
measurements were taken in the fluorimeter (see Slater & 
Morell (1946a, b) for details of the fluorimeter used): 

1. The fluorescence (#1) of 20 ml. of the filtered solution. 
Owing to the instability of riboflavin to light, it was 
necessary to take a series of readings at various intervals of 
time (about 10 sec. apart) after the cuvette was exposed to 
the light beam of the fluorimeter. These readings were 
extrapolated to zero time in order to obtain R1. 

2. The blank fluorescence (B) of 20 ml. of the solution, 
after the riboflavin was destroyed by Na,S,0,. In order to 
avoid errors due to the presence of fluorescent substances 
which were slowly reduced by Na,S,0, (riboflavin is very 
rapidly reduced), this measurement was made in the 
following way: 20 mg. of Na,S,0, were added to a fresh 
solution in the cuvette and, at the same moment, the 
shutter of the fluorimeter was opened, thereby exposing the 
solution to the light beam; the solution was stirred and 
readings were taken at measured intervals of time and 
extrapolated back to the time of addition of the Na,S,0,. 
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3. The fluorescence (R2) of a solution obtained as follows 
and read in the fluorimeter in the same way as the first 
measurement. To 20 ml. of the solution in the cuvette 
1 ml. of riboflavin solution (1-2yg./ml.) was added and, 
after mixing, 1 ml. of the solution was withdrawn to keep 
the volume in the cuvette constant. 

All the measurements were made in duplicate. 


Calculation 
Riboflavin content of urine 
R1-B 200 
“7-05 x R2— R1 * o9nx Vol. of urine taken “8/8: 


Method 2. The same volumes of urine as used in Method 1 
were taken, adjusted to pH 7-0-7-5 and diluted to about 
175 ml. 2 ml. ice-cold Na,S,0, solution (2 ml. of a solution 
of 1g. Na,S,O, and 1 g. NaHCO, dissolved in 20 ml. ice- 
cold H,O) and 2 ml. SnCl, solution (freshly diluted 1 to 200 
from a stock solution containing 10g. SnCl, dissolved in 
25 ml. conc. HCl) were added and the solution allowed to 
stand for 10 min. The solution was diluted to 200 ml., 
transferred to a litre flask, shaken vigorously for 5 min. and 
finally filtered. 

Measurements similar to those in Method 1 were taken. 

Method 3. To samples of the same volume as used in 
Methods 1 and 2, 4% freshly prepared KMnO, was added 
dropwise at such a rate that the colour due to the previous 
drop had disappeared before the addition of the next drop, 
until the colour persisted for 1 min. The solution was 
decolorized with 3% H,0,, adjusted to pH 7-0-7-5, diluted 
to 200 ml. and filtered. Measurements similar to those in 
Methods 1 and 2 were taken. 

Method 4. The urine (25 ml.) (urines A and B undiluted, 
urines C diluted 1 to 2) was adjusted to pH 5-0 and diluted 
to 100 ml. Amounts of 20 ml. were transferred to four 50 ml. 
centrifuge tubes, A, B, C and D. Riboflavin solution (5 ml. 
of a solution containing 1-2yg./ml.) was added to B and D 
and 5 ml. H,O to A and C. To each tube, 0-5 g. Florisil 
(Floridin Co., U.S.A.) was added and the mixture stirred 
mechanically for 5 min. After centrifuging and pouring off 
the centrifugate, 20 ml. H,O were added and the mixture 
stirred by hand for 2 min. and centrifuged. The centrifugate 
was discarded and as much H,0 drained off as possible. The 
eluting solution (6 ml. of a mixture of H,0, 9 vol.; pyridine, 
5 vol. and glacial acetic acid, 2 vol.) was then added, the 
mixture stirred mechanically for 5 min. and centrifuged. 
The centrifugate was added to a 100 ml. standard flask and a 
further 2 ml. of eluting solution added to the centrifuge tube. 
The contents of the tube were stirred by hand for 2 min., 
centrifuged and the centrifugate added to the same flask as 
previously and the solution made up to volume with H,0. 

Two measurements, each in duplicate, were taken in the 
fluorimeter on: 

(1) 20 ml. amounts of each eluate—R,, Rg, Ro, Rp- 

(2) 20 ml. amounts of each eluate treated with Na,S,0, as 
in methods 1 to 3—B,, Bg, Bo, Bp- 


Calculation 
Riboflavin content of urine 
Rat+Ry Bat+Be 
eee ge 
: x1-2xF 


ee a+ Bo) pas. Bax Be) 
» 


2 2 2 2 


pg./g., where F is the dilution factor. 
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Method 5. To two 50 ml. stoppered measuring cylinders 
(A and B) was added a 5 ml. sample of urine (urines A and B 
undiluted, urines Cl and C2 diluted 1 to 2 and urine C3 
diluted 1 to 5) and to a third cylinder (C) was added 1 ml. 
riboflavin solution (1-2g./ml.). To each cylinder was added 
in turn 2 ml. pyridine, 1 ml. glacial acetic acid, 2 drops 
4% KMn0O, and, after 1 min., 2 drops 3% H,0,, followed 
by 3 g. anhydrous Na,SO, and 10 ml. butanol. The cylinders 
were heated above 35° by immersion in hot water, then 
cooled to room temperature and shaken for 2 min. After 
centrifuging, 10 ml. of the butanol-pyridine layer were 
transferred to a test-tube containing 12 ml. butanol. The 
fluorescence of each solution was read in the fluorimeter, 
and after the solution had been exposed in the test-tubes to 
sunlight for 1 hr., the readings were repeated. 





Calculation 

A,, B,, C,=initial readings of solutions A, B, C. 

A,, By, Cz=readings of solutions A, B, C, after exposure 
to sunlight for 1 hr. 

F =dilution of urine. 


Riboflavin content of urine 
A,+B, A,+B, 
> 


9 2 


== a x “5 vg-/ml. 

Method 6. Two 5ml. amounts of urine diluted as in 
Method 5 were adjusted to pH 5-0 (except urine C1 which 
was kept at its natural pH, 6-5) and the volumes made up to 
15 ml. with H,O. The solutions were transferred to two 
50 ml. centrifuge tubes containing freshly prepared PbS 
and the solutions stirred mechanically for 10 min. Each 
was then filtered through a washed asbestos filter with slow 
suction and washed with 3 lots of 10 ml. H,O. The eluting 
solution (7 ml. of a mixture of H,O, 70 vol.; pyridine, 
30 vol. and glacial acetic acid, 2 vol.) was added to the moist 
precipitate and allowed to pass through under weak 
suction into a 15 ml. graduated test-tube. To the eluate was 
added 1 ml. glacial acetic acid followed by 0-67 ml. 4% 
KMn0O,. After mixing and standing for 1 min., the solution 
was decolorized by the addition of 0-67 ml. 3% H,O,, and 
diluted to 10 ml. After mixing, 8 ml. of this solution were 
added to a 50 ml. stoppered measuring cylinder, 3 g. 
anhydrous Na,SO, added and the analysis continued as in 
Method 5, with the same standard (cylinder C). The 
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Table 1. Urinary excretion of riboflavin as measured by different methods 






solutions were read with solutions A, B and C from Method 
5 and exposed to sunlight at the same time as these solu- 
tions. 


Calculation 


D,, E,=initial readings of the two solutions. 


D,, H,=readings of the solutions after exposure to 
sunlight for 1 hour. 


F =dilution of urine. 


Riboflavin content of urine 
D,+ Ds, id £E,+ Es 








2 2 10 1-2 
a _—_—_—_—_—_—— / 
CaO; XX x Fyug./g. 


Method 7. The method of Slater & Morell (1946a) was 
followed, with 1 ml. of undiluted urines Al, A2, B and C3 
and 1 ml. of urines Cl and C2 diluted twofold. 


RESULTS 
Riboflavin contents 


In Table 1, the results obtained by Methods 1, 2, 
3 and 4 expressed as pg./rat/day or pg./man/day, 
are compared with those obtained by Method 7. 
Methods 1, 2, 3 and 4 are grouped together because 
each includes the hydrosulphite blank and the 
figures therefore include ‘apparent ’* as well as true 
riboflavin. Assuming that the figures obtained by 
Method 7 are correct, the figures in brackets in 
Table 1 represent the ‘apparent riboflavin’ 
measured by the method. 

It is clear that Methods 1, 2, 3 and 4 measure, as 
riboflavin, considerable amounts of ‘apparent ribo- 
flavin’. Actually, we have found that the amount of 
‘apparent riboflavin’ measured by Methods 1, 2 and 
3 depends partly upon the amount of Na,S,0, 
used. 


* ‘Apparent riboflavin’, as defined by Slater & Morell 
(1946a), signifies compounds, other than riboflavin, which 
fluoresce in the same spectral region as riboflavin and the 
fluorescence of which is destroyed by Na,.S.0,. 





(Figures in brackets represent the difference between each result and that obtained by Method 7 on the same urine.) 


Riboflavin excreted in 





Rat urine (ug./rat/day) 


si = 
Human urine (ug./man/day) 
ce 





Method c . \ 


_ 7 
C3 after 
Al A2 B Cl C2 C3 1 month 
1 1-7 1-7 24-4 530 1120 720 630 
(1-1) (1-4) (4-2) (150) (200) (180) (160) 
2 2-5 2-2 24-1 810 1100 750 770 
(1-9) (1-9) (3-9) (430) (180) (210) (300) 
3 1-9 2-5 22-0 800 1260 980 850 
(1-3) (2-2) (1-8) (420) (340) (440) (380) 
4 0-8 0-8 22-7 550 1050 700 620 
(0-2) (0-5 (2:5) (170) (130) (160) (150) 
a) 0-3 20-2 380 920 540 470 
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In most cases, Methods 2 and 3 measure con- 
siderably more ‘apparent riboflavin’ in human 
urine than Method 1. This must be due to the 
production of ‘apparent riboflavin’ by the reaction 
of some precursor with the Na,S,O, and/or SnCl, 
in Method 2 and with the KMnQ, in Method 3. 
Method 2 measured more and the other methods 
less ‘apparent riboflavin’ in urine C3 after storage 
for 1 month at room temperature as judged by 
comparison with figures obtained on the fresh 
urine. 

The results obtained by Method 4 show that 
adsorption on Florisil does not completely separate 
‘apparent’ from true riboflavin. The following 
experiment showed that ‘apparent riboflavin’ is 
actually formed during contact with Florisil in 
Method 4. 


A volume of 20 ml. of urine was adjusted to pH 5-0 and 
diluted to 100 ml. A volume of 25 ml. was treated as in 
Method 1. Two further amounts of 25 ml. were pipetted 
into two 50 ml. centrifuge tubes, A and B. Florisil (0-5 g.) 
was added to each tube. Riboflavin solution (1 ml. of a 
solution containing 1-2yg./ml.) was added to tube B and 
1 ml. H,O to tube A. The contents of each tube were stirred 
mechanically for 5 min., centrifuged and the centrifugate 
poured into a 200ml. standard flask. The residue was 
washed by stirring by hand for 2 min. with 20 m]. H,O and 
again centrifuged, the washings being added to the previous 
centrifugate. The combined centrifugates were made up to 
200 ml. The riboflavin was eluted from the Florisil as in 
Method 4 and the eluates were oxidized with 4 drops of 
4% KMn0O,, followed by 3% H,O, and then made up to 
200 ml. 


The following results were obtained: riboflavin 
content of urine determined by Method 1, 0-271 ug./ 
ml.; of combined centrifugates and washings from 
adsorption in tube A, 0-222yg./ml.; of combined 
centrifugates and washings from adsorption in tube 
B, 0-225yg./ml.; of eluate from tube A, 0-165 yg./ 
ml.; and of eluate from tube B, 0-346 yg./ml. The 
small difference between the results on the centri- 
fugates and washings from the two tubes shows that 
the adsorption on the Florisil must have been 
almost complete. The difference between eluates A 
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and B shows that only 0-181 yg./ml. of the 0-24 yg./ 
ml. riboflavin added was recovered (i.e. 75:5%). 
This means that only 75-5 % of the riboflavin was 
eluted from the Florisil. Assuming that the per- 
centage of added riboflavin eluted is the same as 
that of the riboflavin adsorbed from the urine, the 
riboflavin content of the urine is 

0-165 ; 

O11 * 0-24 = 0-219 yg./ml. 
Thus the total riboflavin adsorbed on the Florisil is 
0-219 g./ml. and the total riboflavin not adsorbed 
on the Florisil is 0-222yg./ml., giving a total 
amount of 0-441 yg./ml. But the total riboflavin as 
measured by Method 1 is 0-271 ng./ml. which shows 
that at least 0-170yug./ml. of ‘apparent riboflavin’ 
was produced during contact with the Florisil or 
during the oxidation of the eluates. 

That at least some of this ‘apparent riboflavin’ 
is produced during the process of adsorption and 
washing was demonstrated in another experiment, 
in which the amount of riboflavin measured in the 
fraction of the urine not adsorbed on the Florisil 
exceeded that measured by Method 1 on the un- 
treated urine: 


Riboflavin content of untreated urine =0-228 yg./ml. 


Riboflavin content of fraction not 


adsorbed on Florisil =0-340 pg./ml. 


Thus at least 0-112yg./ml. ‘apparent riboflavin’ 
has been formed during contact of the diluted 
urine with Florisil. 

In Table 2, results obtained by Najjar’s direct and 
indirect methods (Methods 5 and 6 respectively) 
are compared with those obtained by Method 7. The 
results show that both Methods 5 and 6 give low 
values for urines of high riboflavin concentration 
and high values for urines of low riboflavin con- 
centration. 

The following factors are responsible for these 
errors: (1) both methods are non-specific due to 
the presence of light-labile fluorescent compounds 
which are not destroyed by the small amount of 
KMn0O, used; (2) the use of the external standard 


Table 2. Urinary excretion of riboflavin as measured by different methods 


(The figures in brackets represent the concentrations expressed as percentages of those given by Method 7.) 


Riboflavin content (ug./ml.) 











Rat urine 
Cc —A- = 
Method Al A2 B 

5 0-11 0-13 0-33 
(216) (670) (68) 

6 — 0-04 0-33 
(205) (69) 

7 0-05 0-02 0-48 
(100) (100) (100) 


Human urine 





Gras | 
C3 after 
Cl C2 C3 1 month 
0-30 0-54 0-31 0:36 
(85) (47) (77) (96) 
0-32 0-87 0-20 0-24 
(91) (76) (50) (64) 
0-35 1-15 0-41 0-37 
(100) (100) (100) (100) 











656 


does not allow of a correction for quenching of the 
fluorescence ; (3) no correction is made, in Method 6, 
for incomplete adsorption on and/or elution from 
the PbS. The first source of error leads to high 
figures while the other two cause low figures. The 
former becomes most important in the case of 
urines of low riboflavin content, while the latter are 
more important when urines high in riboflavin are 
assayed. 

The importance of the errors caused in Method 5 
by the use of the external standard is illustrated by 
the fact that widely differing results were obtained 
with different dilutions. The results in Table 3 were 
obtained with urine C2 diluted twice and fivefold 
respectively and both the internal and external 
standard procedures were followed. 





Table 3. Effect of degree of dilution on riboflavin 
content of urine as determined by Method 5, with 
anternal and external standards 

Riboflavin content of urine 
(ug./ml. undiluted urine) 
SS ee 


Internal External Quenching 
Dilution standard standard (%) 
1to5 1-26 1-06 16 
1 to2 1-38 0-61 56 


If the internal standard is used, the results on the 
more diluted urine are a little less than those on the 
more concentrated urine (possibly due to the greater 
excess of KMnO, in the former case). On the other 
hand, when the external standard is used, the 
results on the more concentrated urine are consider- 
ably the smaller, owing to the greater quenching. 

Najjar (1941) does not specify the pH at which 
adsorption on PbS should be carried out. It was 


Table 4. Effect of pH on degree of adsorption of 
riboflavin on PbS 


Fluorimeter reading 


pH (corrected for blank) 
1-0 42-4 
4-5 73-2 
6-5 59-0 


Table 5. Residual blanks as measured 
by different methods 


(Equivalent to yg. riboflavin/day/animal.) 


Human urine 


Rat urine C3 
—_— after 
Method Al A2 B Cl C2 C3 1 month 

1 22 48 76 580 420 480 930 
2 3-1 5-1 13-2 670 450 470 750 
3 13 16 50 270 260 360 # 530 
4 04 O7 24 120 100 4150 £170 
5 17 26 76 400 310 180 £570 
6 os 0-3 1-5 130 100 40 15 
7 09 20 3:7 240 280 300 = 
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found that the acidity had a considerable effect on 
the degree of adsorption as the results in Table 4 
show. A pH of 5-0 (the same as that used for 
adsorption on Florisil) was adopted for our analyses, 
with the exception of urine C 1 which was kept at its 
natural pH (6-5). 


Residual blanks 


In Table 5, the residual blanks, calculated as 
though the blank fluorescence measured in the 
fluorimeter was riboflavin, are compared. The 
residual blanks in Methods 1, 2, 3 and 5 increased 
considerably during 1 month’s storage. 


DISCUSSION 


It has been shown that methods using the hydro- 
sulphite blank are inaccurate since all fluorescent 
substances reduced by the hydrosulphite are 
measured as riboflavin. The ‘apparent riboflavin’ 
thus measured was especially high when procedures 
of purification which are commonly used were 
applied to the urines. Najjar’s (1941) methods 
were also found unsatisfactory, giving high 
answers for urines of low riboflavin content 
and low answers for urines of high riboflavin 
content. Much of our knowledge of the meta- 
bolism of riboflavin is based on measurements of 
the urinary excretion of the vitamin. There may 
be a need to re-evaluate some of these experiments 
in the light of the findings regarding the specificity 
of the methods employed. 


SUMMARY 


1. Seven different methods of measuring ribo- 
flavin in rat and human urine have been compared. 

2. Methods using the hydrosulphite blank, even 
those involving adsorption on Florisil, give high 
answers because they include ‘apparent riboflavin’, 
i.e. compounds other than riboflavin which fluoresce 
in the same spectral region and the fluorescence of 
which is destroyed by Na,S,O,. 

3. Urine contains not only ‘apparent riboflavin’, 
but also precursors of ‘apparent riboflavin’, which 
are changed to ‘apparent riboflavin’ by Na,S,0,- 
SnCl, reduction, by KMnQ, oxidation or during the 
process of adsorption on Florisil. 

4. The methods of Najjar (1941) were found not 
completely specific, giving high results for urines 
of low riboflavin concentration. They also give 
low figures for urines of high riboflavin content, 
due, in our opinion, to failure to allow for quench- 
ing of the fluorescence, or for incomplete adsorption 
on and/or elution from PbS. 

5. It is pointed out that the lack of specificity of 
many fluorimetric methods hitherto used may 
necessitate a re-evaluation of some experiments on 
the metabolism of riboflavin, based on the urinary 
excretion of the vitamin. 
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Carotenoid Pigments of Badami Mango Fruit 
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The only attempt at the isolation of carotene from 
mango fruit seems to have been made by Yamamoto 
Osima & Goma (1932) who obtained 60 mg. of a 
crystalline preparation from 38 kg. of fresh fruit 
pulp. From a study of its optical activity and 
absorption spectrum they concluded that it was a 
mixture of «- and £-carotenes, which were, however, 
not separated. The inconclusive nature of their 
data has led us to re-investigate the carotenoid 
pigments of the mango fruit by the technique of 
chromatographic adsorption. 

Earlier work from this laboratory (Ramasarma & 
Banerjee, 1938), as also elsewhere (Crawford & 
Perry, 1933; De, 1937), has shown that certain 
varieties of the mango fruit are very rich in caro- 
tene. The Badami mango fruit (almost the same as 
the famous Alfonso variety of Bombay) has been 
chosen for the present investigation, since it was 
found to be richer in carotene than any other 
variety so far studied. 

A preliminary experiment of a qualitative nature 
showed that the mango xanthophylls are mostly in 
the form of esters and that nearly all of the 
epiphasic pigment is B-carotene (50 mg. per kg. of 


. fresh pulp). 


EXPERIMENTAL 


Purification of solvents 


Aldehyde-free ethanol was prepared by refluxing rectified 
spirit with 10 g./l. aluminium turnings and 10 g./]. potassium 
hydroxide, followed by fractional distillation. 

Methanol was purified by the same method as the one 
used for ethanol. In order to obtain a 92% v/v methanol 
for the phase separation, 90 ml. of purified alcohol were 
mixed with 10 ml. of water. 

As purified light petroleum was not available, ordinary 
car petrol was distilled and the fraction boiling between 60 
and 75° was collected and purified according to the method 
of Castille & Henri (1924). 

Ethyl ether was freed from peroxides by the procedure 
described by Brandt (1927). Only freshly distilled ether 
was used for the extraction of pigments. 


Carbon disulphide used for spectrophotometry was 
purified according to Hammick & Howard (1932). The 
purified solvent was preserved in brown glass bottles and in 
the dark for periods not exceeding 1 week, after which it 
was purified again. 


Extraction of pigments 


Since the work could not be started immediately, the ripe 
fruit was preserved in the ice-room at 0° for a week, during 
which it became slightly soft but remained otherwise in 
good condition. The minced pulp from 50 Badami mangoes 
(7-7 kg.) was extracted by steeping overnight in 81. of 
absolute ethanol and the extract was pressed out in a 
tincture press. The residue was extracted similarly with 3 1. 
of absolute ethanol and the cake was set aside in cold 
storage for subsequent extraction. The combined alcoholic 
extract (17 1.) was concentrated under reduced pressure and 
in an atmosphere of carbon dioxide to about half the volume. 
After dilution with water, it was repeatedly extracted with 
freshly distilled ether till no more colour was taken up. 

The dehydrated cake was broken up and thoroughly 
extracted with freshly distilled ether. The extract (4 1.) 
was concentrated to 500 ml. when most of the ether was 
distilled off and only alcohol remained. At this stage, small 
crystals of pigment appeared, and the solution was left in 
the refrigerator overnight in order to complete the crystal- 
lization. The glistening, dark red crystals were filtered off, 
washed with 25 ml. of absolute ethanol, dried in vacuo and 
preserved in an evacuated tube in the cold for subsequent 
work. The yield of crude pigment was 250 mg. 

The deeply coloured mother liquor and the pigment 
solution obtained by the alcoholic extraction of the pulp 
were mixed and saponified by leaving overnight with 
200 ml. of 10% alcoholic potash. The ether solution was 
next freed of alcohol, potash and soaps by washing it with 
water, and dried over anhydrous sodium sulphate. The 
ether was evaporated off under reduced pressure and the 
residue was dissolved in 200 ml. of light petroleum. On 
concentration to 50 ml. and cooling in the refrigerator, some 
colourless impurities came down and were removed by 
filtration. The filtrate was diluted to 300 ml. and extracted 
with an equal volume of 92% methanol. The epiphasic 
layer was further extracted four times with 100 ml. lots of 
92% methanol in order to remove all the xanthophylls. 
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Hypophasic fraction 

The combined methanolic solution was concentrated to 
200 ml. and extracted repeatedly with ethyl ether till the 
extracts were colourless. The resulting solution was washed 
free from alcohol, dried over anhydrous sodium sulphate 
and evaporated to dryness under reduced pressure. The 
residue was dissolved in 20 ml. of dichloroethane and 
chromatographed in a column (30 x3 cm.) of adsorbent 
consisting of a mixture of equal parts by weight of magnesia 
(Micron Brand magnesium oxide No. 2641, manufactured by 
the California Chemical Co.) and heat-treated siliceous earth 
(Hyflo Supercel, F.A. 501, manufactured by Johns Manville). 
The chromatogram was developed by washing the column 
with fresh portions of dichloroethane (about 200 ml. in 
all) when the following zones in decreasing intensity of 
adsorption were obtained: 


Zone 1: Narrow, lemon yellow; no absorption maxima. 

Zone 2: Narrow, greenish yellow; a broad and vague 

maximum at 450 my (445-455 my). 

Zone 3: Medium, dark red; maxima at 446 and 472 mu— 

pigment ‘X’. 
Zone 4: Broad, reddish orange; maxima at 468 and 
497 mu—pigment ‘Y’. 

The adsorbent column was pushed out and the zones 
were carefully separated and eluted with dichloroethane 
containing 2% methanol. Since the separation was not 
quite sharp, the eluates were purified by chromatography in 
smaller columns. Solutions in carbon disulphide were 
examined in a visual spectrophotometer. 


The pigments of zones 1 and 2 were obviously 
destruction products. Much of the pigment of 
zones 3 and 4 was lost when chromatography was 
repeated, and therefore it could neither be crystal- 
lized nor its identity established. The absorption 
maxima do not correspond to those of any known 
xanthophylls. The nature of these two pigments will 
be discussed later. 


Epiphasic fraction 

The epiphasic solution was concentrated and chromato- 
graphed in three columns of 3 cm. diameter and 15 cm. 
height, using as adsorbent a 1:1 mixture of magnesia and 
supercel. On developing the chromatogram with light 
petroleum (b.p. 60-75°) a very narrow band at the top of 
the column and a very wide and deeply coloured band at the 
bottom were formed. The top band was separated by 
scooping out the adsorbent with a spatula. The eluates 
from the two bands were purified by chromatography in 
similar columns. 

Top band. A solution in carbon disulphide showed ill- 
defined absorption maxima at 461 and 491 mp. It was, 
perhaps, a decomposition product. 

Bottom band. On adding absolute ethanol to a concen- 
trated solution and cooling in the refrigerator, glistening 
dark red crystals were formed. They were separated by 
filtration and purified by recrystallization; yield 3 mg. The 
pigment showed absorption maxima at 482 and 512 my in 
carbon disulphide, and 450 and 480 my in ethanol and was 
thereby identified as B-carotene. The crystals melted at a 
low temperature, 170°, perhaps due to incomplete drying, or 
the presence of traces of impurities. 
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Crystalline fraction 


The crude crystals obtained directly from the ether 
extract of the dehydrated mango pulp were dissolved in a 
smal] volume of chloroform and the solution was passed over 
five columns (3 x 20 cm.) of a 1:1 mixture of magnesia and 
supercel. Light petroleum (b.p. 60-75°) was used for 
developing the chromatogram. In each case some ill- 
defined bands at the top and a broad clear-cut band at the 
bottom were obtained. The top zones were all scooped out 
with a spatula and their eluates were combined (extract A). 
The eluates from the major band were mixed (extract B). 

Extract A was rechromatographed when the following 
zones were obtained: 


Zone 1: Very narrow, dark red; no absorption maxima. 

Zone 2: Very narrow, deep red; no absorption maxima. 

Zone 3: Narrow, pink; no absorption maxima. 

Zone 4: Broad, pink; absorption maximum at 445 my 
and an inflexion at 475 my in carbon disulphide. 


It is probable that all these four fractions were 
decomposition products. They represented 3-2% 
of the original crude crystals. 

Extract B gave on rechromatography a single 
band, the middle portion of which was carefully 
separated and eluted with light petroleum (b.p. 
60—-75°) containing 5% ethanol. On concentration 
to a small volume and addition of absolute ethanol, 
glistening red crystals separated out. The mother 
liquor was further concentrated and another crop 
of crystals was obtained. The total yield of crystalline 
material was 230 mg. with a melting-point of 180°. 
The crystals were purified by a fourfold fractional 
crystallization from carbon disulphide and light 
petroleum (b.p. 40-60°), and dried in vacuo over 
active alumina at 75°. The purified sample showed 
the following properties, which agree fairly closely 
with those reported in the literature for B-carotene 
(Gillam, 1935; Miller, McKinney & Zscheile, 1935; 
Seaber, 1940; Hunter & Scott, 1941; Zscheile, 
White, Beadle & Roach, 1942): m.p.=181-5° 
(uncorr.); absorption maxima at 482 and 512 my in 
carbon disulphide, at 451-5 and 482 my in light 
petroleum (b.p. 60-—75°); extinction coefficients 
(£}%,) inlight petroleum (b.p. 60—75°), at 450 mu— 
2440; at 463 mp—2225; at 470 mu—2020; at 
480 mu—2140; optical activity (at 578 mp)—Nil. 
(Analysis (mean of two determinations): Found: 
C, 88°85; H, 10-43. Cale. for CyH;,: C, 89-48; 
H, 10-52%.) 


DISCUSSION 


The xanthophyll of the mango fruit studied quali- 
tatively by Yamamoto et al. (1932) had absorption 
maxima at 446, 473 and 505 mp in carbon disul- 
phide. These maxima correspond closely with those 
of our xanthophyll pigment ‘X’ (see above) except 
that in the latter, the third maximum was not 
evident. In the present investigation no lutein 
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(absorption maxima 445, 475 and 508 my in carbon 
disulphide—Kuhn & Smakula, 1931; Zubrys & 
Morf, 1933) was found. 

Strain (1938, 1941) reported that when lutein was 
boiled in methanolic solution for four hours or 
treated with iodine solution, two isomers, one 
having absorption maxima at 447, 474 and 505 my 
in carbon disulphide and the other at 469 and 
497 mz were formed. The absorption maxima of 
our xanthophyll pigments ‘X’ and ‘Y’ are close to 
these. Apart from the two isomers of lutein, no 
pigments are reported in the literature with maxima 
corresponding to those obtained in the course of 
this investigation. 

In view of the great ease with which lutein is 
known to undergo isomerization, the possibility of 
these two pigments having been derived from it in 
this way cannot be altogether excluded (Zech- 
meister, 1944). However, a qualitative experiment, 
in which special precautions were taken by neutral- 
izing the fresh fruit pulp with sodium carbonate and 
extracting the pigments in the cold, gave essentially 
the same results. 

It is of interest to note that the epiphasic pigment 
isolated from the Badami mango fruit consisted 
almost entirely of B-carotene; «-carotene seems to 
have been absent. The fact that the carotene con- 
sists entirely of the B-isomer is of particular signifi- 
cance from the point of view of nutrition, since 
biologically B-carotene is twice as active as any of 
the other pro-vitamins A (Kuhn & Brockmann, 
1933; Hunter & Scott, 1941). 

Yamamoto et al. (1932), however, thought that 
their mango caroteinw was a mixture of «- and p- 
carotenes. By fractional crystallization of the crude 
carotene from carbon disulphide and absolute 
ethanol, they obtained two fractions. The main one, 
melting at 179° and showing absorption maxima 
at 449, 475 and 514 my in carbon disulphide and 
435, 462 and 487 my in chloroform and an optical 
rotation in carbon disulphide [«]2?*°=135°, was 
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considered by them to be a mixture of «- and p- 
earotenes, while the minor fraction, melting at 
173-174° and showing absorption bands at 452 ~ 
487 mp and 495~ 507 my in chloroform was taken 
to be «-carotene. Considering the fact that they 
had applied the petrol-methanol phase separation 
prior to saponification and that the pigments were 
not separated by chromatography, it seems 
probable that their carotene sample was contami- 
nated with xanthophyll. While the main fraction 
(m.p. 179°) might have contained traces of xantho- 
phyll, the wide spectral bands suggest that the 
other fraction separated from the mother liquor 
might have contained a considerable amount 
of it. 

There is also another possibility, that 
different varieties of mangoes may differ in their 
carotenoid composition, a question that can be 
settled only after more extensive work. 


viz. 


SUMMARY 


Carotene has been isolated from Badami mango 
fruit in a yield of 230 mg. from 7-7 kg. of the fresh 
pulp. Chromatographic analysis and spectroscopic 
data indicate that the carotene of this variety of 
mango fruit consists entirely of the B-isomer. 

Extinction coefficients for f-carotene in light 
petroleum (b.p. 60-75°) at four different wave- 
lengths are reported. 

Analysis of the hypophasic fraction of the mango 
pigments showed the presence of two unidentified 
xanthophylls, with absorption maxima at 446 and 
473 mp and 468 and 497 my respectively in carbon 
disulphide. 


One of us (G. B.R.) is indebted to the Lady Tata 
Memorial Trust for a Scholarship held during this work. 
The authors are grateful to Prof. V. Subrahmanyan and to 
Sir J. C. Ghosh, for their kind interest in the progress of the 
work, and to Prof. Bashir Ahmad of the Punjab University 
for the micro-analysis of the sample of 8-carotene. 
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As an approach to the problem of porphyrin and 
haemoglobin formation in the red blood corpuscle, 
we have investigated the production of copro- 
porphyrin by yeast. Rimington (1943a@) has out- 
lined a scheme for the separation of intermediates in 
coproporphyrin formation and in a preliminary 
communication (Kench & Wilkinson, 1945), we 
have described conditions under which the for- 
mation of pigment may be markedly increased. 
Further studies have since been carried out on the 
fate of the chromoproteins, cytochrome c, catalase 
and peroxidase in yeast, and also on the stability of 
coproporphyrin; these we describe in this paper. 


EXPERIMENTAL 
Materials and methods 


Throughout the investigation, we have worked with top- 
fermentation brewers’ yeast, filtered and pressed to a firm 
consistency. To 250 g. yeast at 18-20° were added at 0 hr. 
4g. (NH,),CO, and 10g. glucose with thorough stirring. 
Many cells were evidently broken down by this harsh 
treatment and the preparation quickly became fluid. 
Samples were withdrawn every 24 hr. and the copropor- 
phyrin content determined fluorometrically in slightly 
alkaline solution (Rimington, 19436) after ether extraction 
and removal into HCl. For the extraction, 10-20 g. yeast 
preparation were diluted to 200 ml. with water, and the 
suspension acidified with 10 ml. glacial acetic acid/100 ml., 
and shaken repeatedly with ether (5 times with 200 ml.) 
until no porphyrin fluorescence could be detected by U.V. 
light in the separated ether phase, after washing to remove 
interfering blue-fluorescent substances. A few ml. of 


Porphyrin Metabolism in Yeast 


Table 1. Cytochrome c breakdown and coproporphyrin formation in yeast 


ethanol were added after each shaking to break up the 
emulsion, and to facilitate removal of the pigment. The 
possible effects of breakdown of cytochrome c, catalase and 
peroxidase on the pigment yield were tested in turn, and are 
described separately. 

Cytochrome ec. Cytochrome c was prepared from ox-heart 
muscle (7 kg.) by the method of Keilin & Hartree (1937) asa 
concentrated aqueous solution, the purity of which was 
checked by determination of its iron content with aa’- 
dipyridyl, and porphyrin content photometrically, by the 
pyridine haemochromogen method. 

Peroxidase. Peroxidase was prepared from horse radish 
(3 kg.) by the method of Keilin & Mann (1937), but the 
enzyme was obtained only in small yield. 

Catalase. Catalase was obtained from ox-liver (5 kg.) 
by the method of Sumner & Dounce (1937) by repeated 
precipitation with dioxan and (NH,).SO,. After final 
dialysis, the enzyme was precipitated with dioxan, filtered 
by suction, and dried in vacuo. 


RESULTS 
Cytochrome c 


The cytochrome ¢ solution was added to the yeast 
preparation, with or without carbonate and glucose, 
at the beginning of the experiment, and the copro- 
porphyrin formation followed (Table 1). A second 
experiment was made with yeast cells previously 
ruptured by alternate freezing and _ thawing. 
Cytochrome c was determined in the mixtures by 
centrifuging the yeast and assaying ferrocyto- 
chrome ¢c in the supernatant after treating the latter 
with 0-1n-NaOH and Na,S,O, (Table 2). It is 





(250 g. fresh top-fermentation brewers’ yeast. Pure cytochrome* added in aqueous solution.) 


Coproporphyrin (ug./g. fresh yeast) 


és ROS 


Yeast +4 g. (NH,),.CO,+ Yeast +4 g. (NH,).CO,+ 


Duration of Yeast + 100 ml. 10 g. glucose + 100 ml. 10 g. glucose + 100 ml. 
exp. (hr.) Yeast + 100 ml. H,O cytochrome solution H, cytochrome solution 

0 0-5 0-5 0-5 0-5 

16-5 0-0 1-6 47-1 11-6 
65-0 0-0 1-4 25-9 7-2 
120-0 0-0 4-9 9-5 20-8 
256-0 3-3 2-8 10-7 11-6 
305-0 2-4 0-0 7-4 13-9 
355-0 3-1 0-0 2-3 53 


* Cytochrome, dialyzed free from electrolytes, containing 9-5 mg./100 g. porphyrin, checked by Fe content with aa’- 


dipyridyl. 100 ml. of solution added to yeast preparation to provide 384g. porphyrin/g. yeast. 
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Table 2. Cytochrome c experiment repeated 
with ruptured yeast cells 


(100 g. brewers’ yeast +2g. (NH,),CO,+4g. glucose. 
The cells were ruptured by alternate freezing and thawing 
and a second cytochrome c* preparation added for test.) 


Coproporphyrin found (yg./g. fresh yeast) 











’ a 
Cytochrome c 
Duration recovered Yeast Yeast 
of exp. (as porphyrin preparation preparation 
(hr.) pg./g. yeast) +13ml.H,O +13 ml. H,O 
0 118-0 —- -- 
19 _— 4-1 4:5 
41 — 2-1 1-9 
96 65-0 o 
116 — 2-4 
136 56-2 — — 


* Cytochrome c¢ solution, 13 ml. containing 11-8 mg. 
porphyrin, added to 100 g. yeast to give a concentration of 
cytochrome c in terms of coproporphyrin of 118 yg./g. yeast. 


apparent from this evidence that nearly half of the 
added cytochrome c had been destroyed during the 
first 96 hr. of the experiment with the possibility of 
liberation of 53g. coproporphyrin/g. yeast. There 
was, however, no increase in the porphyrin content. 
It seems probable, therefore, that coproporphyrin 
arising in. these yeast preparations is not derived by 
simple fission of the prosthetic group from the 
protein moiety, but we are not justified in applying 
this argument to the still larger quantities of 
coproporphyrin found transitorily in wort towards 
the end of fermentation (Kench & Wilkinson, 1945), 
because the conditions of the experiments are quite 
different. 


Peroxidase 


The peroxidase preparation containing 30yug. of 
combined protoporphyrin was assayed in an 
appropriately small yeast preparation. After 65 hr., 
no coproporphyrin could be detected in the 
peroxidase specimen ; size of the samples preciuded 
determination of enzyme activity (Table 3). We are 
at a loss to account for the absence of copropor- 
phyrin following peroxidase treatment, but the 
change may be brought about by toxic impurities 
contained in our preparation. 


Table 3. Coproporphyrin formation in yeast 
following addition of peroxidase 


(5g. yeast +0-08 g. (NH,),CO, +0-2 g. glucose. Peroxi- 
dase F2 added, Purpurogallin Number 35-7, containing 
30ug. porphyrin.) 

Coproporphyrin found 





(ug-/g- yeast) 
: = ae 
Duration of Yeast Yeast 
exp. (hr.) preparation preparation 
+ peroxidase 
65 13-5 0-0 
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Catalase 


The pure product, which was almost black in 
colour, was added to standard yeast preparations 
and the subsequent changes in coproporphyrin and 
catalase studied. The observations are presented in 
Table 4. Fresh yeast was found to have a low 


Table 4. Catalase breakdown and 
coproporphyrin formation in yeast 


(250 g. brewers’ yeast +4 g. (NH,),CO,+10g. glucose; 
ox-liver catalase* added.) 





Copro- 
porphyrin 
found 
Duration Catalase (ug./g. 
of exp. activity fresh 
Experiment (hr.} (Kat. f.) yeast) 
250 g. yeast alone 0 0-0887 — 
16-5 ~ 2-3 
65 -- 0-0 
120 — 0-5 
305 — 1-4 
864 0-0060 2-3 
250 g. yeast + 0 1460 0-0 
catalase (=21l5yg. 22 — o 
porphyrin/g. 72 — 0-0 
yeast) 96 237 —- 
864 104-1 0-0 
250 g. yeast + 16-5 —- 6-9 
(NH,),CO, + 43 — 21-1 
glucose 68 — 14-4 
256 — 18-5 
864 0-0029 14-5 
250 g. yeast + 0 1016 _ 
(NH,),CO, + 22 _ 2-0 
glucose + catalase 48 487 
(=153-5 yg. 72 347 6-9 
porphyrin/g. 96 426 — 
yeast) 864 318 1-4 


* Ox-liver catalase, original solution Kat. f. 888 con- 
taining 11-8 mg. porphyrin/100 g. The enzyme activity 
Kat. f. is calculated from the expression 

ale ail ete 
wt. preparation tested (g.)’ 


where K (the velocity coefficient) = “3 logo (3) as 
described by Stern (1932). 


catalase activity, which had decreased to 7 % of its 
original value after 864 hr. Breakdown of catalase 
proceeded most rapidly in yeast alone where no 
coproporphyrin could be detected, whilst decompo- 
sition was retarded in porphyrinogenic preparations 
containing added (NH,),CO,; and glucose. In the 
former preparation, a breakdown of catalase could 
have provided 182yg. porphyrin/g. yeast, in the 
latter 89g./g. over the 96 hr. period. The yields, 
however, were well below these values, supporting 
the conclusion that although the chromoproteins, 
cytochrome c and catalase are broken down, 
coproporphyrin is not one of the products of 
43-2 
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disruption. Such a conclusion presupposes that 
coproporphyrin itself is a stable constituent of the 
system, which, once formed by synthesis or cata- 
bolism, persists unchanged for the remainder of the 
experimental time. 

Further studies were made with a view to deter- 
mining if coproporphyrin was indeed an end product 
or an intermediate of metabolism. 

The pigment was. extracted from yeast, purified 
by the usual methods, and evaporated to dryness 
from ethereal solution. Known amounts of this 
porphyrin were dissolved in yeast preparations 
after varying intervals of time, and the response 
subsequently examined (Table 5). The results show 


Table 5. Metabolism of coproporphyrin by yeast 


Duration of 


Experiment exp. (hr.) 
50 g. yeast A+1 g. (NH,).CO, 20 
+2 g. glucose 97 
100 g. yeast A +2 g. (NH,).CO, 0 
+4 g. glucose 20 
41 
100 g. yeast B +2 g. (NH,).CO, 0 
+4 g. glucose 20 
50 g. yeast C +1 g. (NH,).CO, 0 
+2 g. glucose 20 
100 g. yeast C +2 g. (NH,).CO, 0 
+4 g. glucose At 
50 g. yeast D +1 g. (NH,),CO, 96 
+2 g. glucose 115 
100 g. yeast D +2 g. (NH,),CC, 0 
+4g. glucose 20 
0 
20 


* Without added coproporphyrin. 
{ Control experiment with autoclaved yeast. 


that only occasionally is it possible to recover all the 
added pigment, not only during active fermentation, 
but equally so at the end of the observation period 
of 96 hr., when active fermentation had ceased. 
Neither haem nor haematin was formed as the 
result of the addition of extra porphyrin, and the 
route by which the porphyrin was removed has not 
yet been determined. 

It is evident, therefore, that coproporphyrin 
plays the part of an intermediate in metabolism, 
and its accumulation represents the net result of 
imbalance between the rates of its removal and 
formation. Of the amount of pigment formed, a 
high proportion can be rapidly metabolized even 
when the concentration is approaching the peak 
levels observed at 96 hr. and onwards. 

In the light of these observations, it is necessary 
to study more closely the question of breakdown of 
cytochrome c and catalase. Measurements of 
catalase capability show that by decomposition 
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during the initial 48 hr., it is possible for 87 yg. of 
free coproporphyrin to be liberated/g. yeast. If 
such an amount of extra coproporphyrin were 
actually added during this period, we should expect 
that rather less than one-half would be metabolized, 
leaving 45yg. determinable porphyrin. Actually, 
only 2ug./g. coproporphyrin could be accounted for 
after 22 hr. On the other hand, catalase equivalent 
to 180yug. coproporphyrin/g.- yeast was disrupted 
during 96 hr., during which time no trace of pigment 
could be detected. In each case the yeast prepara- 
tions without added catalase, and those in which the 
catalase content was low, gave higher yields of 
coproporphyrin. 









































Coproporphyrin 
added Coproporphyrin recovered 
(ug-/g. yeast) (ug./g- yeast) 

50 6-3* 
a 29-1 
50 — 
va 36-7 (1-9)* 
_ 55:5 
94-3 — 
_ 54-0 (97-5)t 
50 oath 
— 54-9 
47-1 — 
— 53-1 
50 a 
-- 39-3 

132 — 

67-0 (123-1)f 
350 1-4* 





— 193-0 (365,7 4-1*) 






Similarly with cytochrome c, we cannot reconcile 
the rate of disappearance of the chromoprotein 
with the low yields of porphyrin, even allowing for 
lability, of the latter, on the basis of simple fission of 
the protein and the prosthetic groups. 











DISCUSSION 





The results presented in the foregoing section show 
that both cytochrome c and catalase are unstable in 
the yeast preparations, but we were unable to 
detect augmentation of porphyrin production as 4 
result of breakdown. Actually the reverse is true, 
an effect which calls for further investigation. 
Coproporphyrin, itself, is undergoing change and 
accumulates apparently owing to the relative rates 
of formation and removal being out of phase. 
However, in considering the fate of cytochrome ¢ 
and catalase in relation to the observed changes of 
coproporphyrin, we feel justified in concluding that 





















946 
y. of 

If 
vere 
pect 
zed, 
ally, 
| for 
lent 


rent 
ara 
the 
: of 


ile 
in 
for 





Vol. 40 


the chromoproteins are not the source of the 
porphyrin. 

Consequently, we must assume that the reactions 
by which porphyrin is formed, to be subsequently 
metabolized, are now out of harmony, and if 
we may interpret our data in terms of the inter- 
esting experiments of Conway & Breen (1945) on 
‘ammonia’ yeast, it would appear probable that the 
phenomenon is due to excessively rapid cell 
division. 

Regarding the origin of the coproporphyrin, 
certain facts seem worthy of mention. The yeast 
preparations we have used resemble in composition 
those described by Neuberg & Ursum (1920) as 
leading to the Third Form of Fermentation, in 
which, by use of alkali carbonates, borates, or 
triphosphates at a concentration of 0-1—0-2M, 
increased amounts of the by-products, acetalde- 
hyde, acetic acid and glycerol were produced. 
Under the most favourable conditions (with 4% 
(NH,),CO;) as much as 41-3% of sugar was fer- 
mented in this way. We have tested other substances 
of this fixation group, e.g. BaCO,, MgO and CaCO,, 
but these were ineffective in porphyrin production 
as also was Na,SO, in Neuberg’s Second Form of 
Fermentation (Neuberg & Hirsch, 1919). Other 
ammonium salts, viz. the chloride, sulphate and 
oxalate, appeared to be toxic, and we conclude that 
the primary effect of (NH,).CO, is to supply a ready 
source of nitrogen for rapid proliferation of the 
yeast cells and that the pigment does not arise from 
by-products of fermentation. This is also supported 
by the occurrence of the highest recorded yield in 
wort, wherein by-products are necessarily reduced to 
a minimum. 

Yeast preparations in an atmosphere of oxygen 
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behaved little differently from controls in air, but 
in nitrogen the level of porphyrin was maintained 
after 312 hr. at a value twice that of oxygenated 
and control preparations. This suggests that the 
removal of porphyrin from the system is expedited 
by the presence of oxygen, suggesting that the 
accumulation of porphyrin may be partly associated 
with oxygen lack in the cells. Experiments are 
being continued on the pigment yield in relation to 
the rate of cell division. 


SUMMARY 


1. An account has been given of studies on the 
formation of coproporphyrin in yeast preparations. 

2. Catalase and cytochrome c, chromoproteins 
each of which contains protoporphyrin as a con- 
stituent of its prosthetic group, are both disrupted 
in yeast, whether present intracellularly or added 
extracellularly. 

3. No porphyrin could be detected as the result 
of breakdown of the chromoproteins. 

4. Coproporphyrin itself is not a stable con- 
stituent of the system, and appears to be an inter- 
mediate of metabolism. It does not appear to be 
formed by interaction of abnormal by-products of 
fermentation, but may be associated with high rates 
of cellular division. 


We should like to thank the Sir Halley Stewart Trustees 
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This work describes the fatty acid and glyceride 
structures of Indian buffalo milk and depot fats. 
Only three other analyses of buffalo milk fat exist 
in the literature (Bhattacharya & Hilditch, 1931; 
Heiduschka & Cicekdagi, 1940), in only one of 
which was an examination made of the glyceride 
configuration, while no analysis of buffalo depot fat 
has'so far been reported. The work below was there- 
fore undertaken to indicate peculiarities, if any, in 
the make-up of the fats and general fat metabolism 
of the buffalo. Finally, data are presented to illus- 
trate some striking peculiarities of Indian animal 
fats in both fatty acid and glyceride structures. 


RESULTS 
Fatty acid structures of buffalo milk fats 


The four samples of milk fat used have been 
described elsewhere (Achaya & Banerjee, 1946); 
their analyses (by the ester-fractionation method of 
Smith & Dastur (1938) using an electrically heated 
column of the type described by Longenecker 
(1937)) and brief interpretative notes are included 
below for the sake of completeness. The glyceride 
structures outlined later appear however for the 
first time. Table 1 indicates these results. 


Table 1. The characteristics and composition of the Indian buffalo milk fats 


1 


Agricultural 
College, Kirkee 
Pasture, groundnut 
cake, concentrates 


Sample 
Origin ... 


Feed 


Appearance 


Excellent flavour and texture, 


bright yellow 


pa es 
High R.M. 
37-4 
1-9 
27-4 
227-3 
0-07 


Noteworthy feature: 

R.M. 

PY. 

iv. 

8.V. 

Free fatty acids (as % lactic) 
Acid (% by mol.) 

Butyric 

Caproic 

Caprylic 

Capric 

Lauric 

Myristic 

Palmitic 

Stearic 

as-Arachidic 


— 


mo 
SP POSS be et te Oe 
ae me OCWORR EE A 


Decenoic 
Dodecenoic 
Tetradecenoic 
Hexadecenoic 
Oleic 
Octadecadienoic 
as-Gadoleic 


_ 
Swe > 
Dom 


GO em 
Ww bo 


4 
Satvirda Hills, 
Porbandar 


2 


Dinshaw Dairy, 
Bangalore 


3 


Satvirda Hills, 
Porbandar 


Heavy cotton-seed feeding, 
little or no pasture 
Rancid, choking 
flavour, small 
grains, hard, 
white in colour 
Low R.M., rancid 
22-7 
0-8 
34-9 
216-7 


Pasture, 
oil-seeds 
Good flavour, 
small grains, 
hard, white 
in colour 
Low R.M. 
20-7 
0-6 
37-0 
212-6 
0-09 


colour, fresh 


Normal R.M. 
30-8 
1-2 
28-9 
223-7 
0-07 


— 
_ 


or 


| 


AROSS 


S 


— OD 
Sreypooeoe 
m— bo 

© 

Cm OOo 


| 


-—oOS 

Sm 
— 
—_ 


bo 
ee 
oo 


0-4 
0-8 


R.M. = Reichert-Meissl value. 
P.V.=Polenske value. 

i.v. =iodine value. 

s.v. =saponification value. 
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The high content of lower saturated and un- 
saturated acids in sample 4 is no doubt due to the 
marked rancidity that had occurred, and the value 
of this analysis is only to confirm certain character- 
istics of its counterpart 3 from a cotton-seed feeding 
area, viz. high stearic and low myristic contents. 
These analyses also reveal for the first time the 
presence in Indian buffalo milk fat both of un- 
saturated acids lower than, and more unsaturated 
than, oleic acid. The linoleic contents generally 
tend to be extremely low. 

There exists in general a marked inverse relation- 
ship between the lower acids, on the one hand, and 
oleic on the other, similar to the results of Smith & 
Dastur (1938) on inanition, and best explained by 
the theory of Hilditch & co-workers (Hilditch, 
1940) of the mobilization of preformed oleo- 
glycerides by the mammary gland. This is the more 
marked in that samples 1 and 2, of about the same 
iodine value, contain widely different proportions 
of oleic acid, with therefore differences in the 
linoleic acid percentages. 

Comparison of the figures for fats 3 and 4 with the 
three other analyses extant (Bhattacharya & 
Hilditch, 1931; Heiduschka & Cicekdagi, 1940) 
indicates the existence of two main types of buffalo 
milk fat associated, respectively, with high palmitic 
and high stearic contents; moreover, the high 
stearic figure need not necessarily be associated 
with a low content of lower acids as in the present 
case. This suggests that the proportions of stearic 
acid are determined by a mechanism independent 
of that operating in fixing the proportions of oleic 
acid on the one hand and the lower acids on the 
other. Emphasis is laid on the high stearic rather 
than on the low palmitic acid content of these 
samples since the percentage of palmitic acid 
normally tends to constancy in milk fats and is low 
in this case as a mathematical consequence of the 
high stearic figure coupled with a high oleic 
percentage besides; moreover, Patel, Patel & Dave 
(1944) have shown that the buffalo appears to be 
much more susceptible to feeding vagaries than the 
cow under identical conditions. 

The source of this high stearic acid is almost 
certainly the oleic or linoleic acid from dietary 
cotton-seed. It is, however, difficult to explain why 
other oils, e.g. soya bean, containing these acids in 
similar proportions, do not produce any untoward 
effect on the stearic acid content of milk fats. 

Features approaching constancy in the above 
figures would appear to be the sum of myristic, 
palmitic and stearic acids, and the percentage of 
hexadecenoic acid; as criteria for the detection of 
adulteration in milk fat, routine isolation and 
estimation of these quantities would be almost 
impossible. The low linoleic acid content of these 
fats (qualitatively measured by the iodine and 
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thiocyanogen values) could perhaps profitably be 
measured as a test for purity, especially considering 
the high content of the acid in the raw or even 
hardened vegetable oils used for adulteration in 
India. 


Fatty acid structure of buffalo depot fats 


These depot fats were collected from the local 
slaughter house and analyzed when quite fresh. It 
was thought desirable in the first instance to collect 
individual specimens of fat rather than a possibly 
more representative mixed sample. The results are 
shown in Table 2. 

Sample B calls for comment on several grounds. 
It was bright yellow in colour, unlike the other 
specimens and of low i.v., though surprisingly of 
low melting point as well, due no doubt to a high 
palmitic content. Also, it contained substantial 
quantities of lauric acid, which, though normal in a 
western tallow (Hilditch & Longenecker, 1937), do 
not appear in the other specimens above. Even 
more surprising was the appearance of the un- 
saturated dodecenoic acid, the inclusion of which 
can be justified for many reasons: the low molecular 
weight (214-6) of the first unsaturated ester fraction, 
confirmed by the still low value (225-7) for the next; 
a progressive rise and fall (28-32, 34-46, 28-02, etc.) 
in the i.v. of these ester fractions, generally 
characteristic of the appearance and disappearance 
of such acids; and, finally, the fact that if the un- 
saturation had been calculated to tetradecenoic 
ester, the molecular weight of the saturated esters 
would have been so lowered as to necessitate 
provision for a Ci) saturated ester, which, con- 
sidering the non-appearance of even a C,, saturated 
acid in the other fats, might well have been rash. 

The i.v. of these fats has fallen even below the 
extremely low values of the four Indian cow depot 
fats studied by Hilditch & Murti (1940), and this 
has been reflected, if only partly, in the slightly 
higher melting points of these fats as well. 

The three fats analyzed clearly fall into two 
categories: samples A and C of high stearic content 
and sample B of high palmitic content. Hilditch & 
co-workers (Hilditch, 1940) had formerly believed, 
on the basis of a study of tallows of western origin, 
that a marked. inverse oleic-stearic relationship 
obtained; palmitic acid under a wide variety of 
conditions tending to remain constant at 27+3% 
(by mol.). After the study of the Indian cow depot 
fats, however, they postulated that in such extreme 
cases, where the stearic-oleic relationship could not 
be pushed so far as to exceed a certain stearic 
maximum, palmitic acid was augmented instead, the 
whole procedure being no doubt regulated by a 
certain degree of fluidity of the fat indicated by a 
melting point of about 50°. The melting points in 
the present instances are 1—2° higher, so that it is 








Table 2. 


Sample A 


Origin 


respecti 
Probable feed Pasture 


Appearance Tallowy odo 


very pale yellow 


Melting-point 51-4° 50-6° 52-1° 
Solidification point 45-1° 44-2° 44-7° 
no 1-4486 1-4480 1-4487 
S.E. 281-1 277-7 286-7 
i.v. 26-4 23-8 26-8 
Colour (Lovibond y.v./g.) 1-6 5-0 1-6 


Vitamin A Blu 


Free fatty acids (as % lactic) 0-08 
Acid (% by mol.) 
Lauric — 
Myristic 3-9 
Palmitic 33-4 
Stearic 31-7 
as-Arachidic 0-5 
Dodecenoic —_ 
Tetradecenoic 0-4 
Hexadecenoic 2-0 
Oleic 27-8 


Octadecadienoic 
as-Gadoleic 


0-3 





conceivable that the stearic figure permitted could 
well be a few units higher. Such appears to be the 
case, for the highest figure here is about 5°5 units 
higher than the maximum for the cow depot fats. 

The three main fatty acid components of depot 
fats are palmitic, stearic and oleic acids. While in 
milk fats, a balance of components following on the 
forced modification of normal milk fats as a result of 
feeding, e.g. cotton-seed meal, is brought about by 
large variations in the oleic acid content, this 
component could not in reserve fats be very 
markedly increased or decreased, since the latter 
presumably perform a much more specific function 
than the former in the animal body. Hence an 
inverse stearic-palmitic balance is all that is left if 
the body has to deal effectively with fat. Cotton- 
seed meal has been shown to have the effect of 
increasing stearic acid and of tending to increase the 
oleic content as well; while in milk fats the palmitic 
percentage was not unduly depressed, since a 
marked lowering of the lower fatty acid content 
took place. The same procedure is not here feasible, 
though evidences of its occurrence are visible in 
lower lauric and myristic contents in samples A and 
C: the only course open has been a lowering of the 
palmitic acid. 

This leads to the view that the fat B represents 
the basic buffalo depot type and that A and C are 
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The characteristics and composition of Indian buffalo depot fats 


Local slaughter house, 
mixed fat from two 
buffalo cows in milk, 

from back and dewlap 








1946 








B Cc 
Local slaughter 
house, from buffalo 
cow past milk, 
location uncertain 


Local slaughter 
house, from dewlap 
of buffalo cow 
vely in milk 
in large amounts, horsegram, wheat bran, cotton-seed 

in variable amounts 


Tallowy odour, hard, 


Tallowy odour, hard, 
very pale yellow 


bright yellow 


ur, hard, 


e colour with standard Carr-Price reagent hardly 
perceptible, little or none 





0-08 0-1 
1-4 — 
7-4 4-4 
45-6 33-5 
19-2 34-1 
0-3 1-0 
0-4 _ 
0-8 0-5 
1-8 2-8 
22-3 24-1 
0-7 0-1 










modifications, probably as a result of cotton-seed 
feeding, of the former. It is at least suggestive that 
fat B should be markedly yellow in colour and that 
cotton-seed-fed buffaloes yield extremely white milk 
fats. The widespread use of cotton-seed meal as 
cattle fodder would account for the frequency of the 
latter type, as evidenced by two of the three cases 
above and three of the four samples of Hilditch & 
Murti (1940). Peculiarly enough, linoleic acid is 
present only in traces or not at all in these Indian 
animal depot fats, exactly as pointed out earlier for 
the milk fats, though the percentages of higher un- 
saturated acids appear normal. 


Glyceride structures of Indian buffalo 
milk and depot fats 


The fully saturated glycerides were estimated by 
the usual method of Hilditch & Lea (1927), and the 
proportions of the other glyceride categories 
calculated on the assumption that no tri-unsaturated 
glycerides exist. Samples 1 and 3 of milk fat and 
samples A and B of depot fat were used since they 
represent distinct types in their respective categories. 
The fatty acids of the fully saturated glyceride 
portion in the case of the depot fats were de- 
termined by ester-fractionation. Table 3 indicates 
the results. 
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Table 3. Glyceride structures of Indian 
buffalo milk and depot fats 


Milk fats Depot fats 
% by mol. of 1 3 A B 


Fully-saturated glycerides 41-7 243 324 3 
Mono ‘oleo’ disaturated 41-2 40-1 43:5 47- 
glycerides 

Di-‘oleo’ monosaturated 17-1 356 24-1 
glycerides 

Total saturated acids 749 629 69 
Association ratio 132 104 1 


a3 
w bo 


— 
or 
CU 


5 
2 


~1 
me OO 
m © 


2 


Fatty acid structure of 

fully saturated glycerides 

(% by mol.): 
Myristic 9- 
Palmitic 43- 
Stearic 47- 


~ 


52-1 


mart 


While here, as usual, the association ratio in- 
creases with increasing total saturated acids and 
thus of fully-saturated glycerides, the values for 
Indian animal fats appear to be of the order of 
0-1-0-2 unit less than for a corresponding sample of 
fat in the West. Indian sheep, goat and camel milk 
and body fats show analogous high association 
ratios (cf. Hilditch, 1940). Similarly the proportions 
of fully saturated glycerides corresponding to any 
definite percentage of total saturated acids are in 
these instances distinctly lower than in fats of 
western origin. 

Here, as in western animal fats, the percentage of 
mono ‘oleo’ disaturated glycerides is relatively 
constant, even over so wide a range of type as the 
above samples. The proportions of such glycerides 
are however much greater than for western fats. 
The implications of the above observations will be 
stressed in the concluding section of this paper. 

The fatty acid nature of the fully saturated part 
of the body fats confirm again the observations of 
Hilditch and his colleagues (Hilditch, 1940) that 
though the ratio of myristic and palmitic to stearic 
acid in the whole fat varies very widely, the ratio in 
the fully-saturated glycerides lies always between 
the limits 1:1 and 2:1. 


Some characteristics of eastern animal fats 


Attention has been called above to several 
unusual features in the fatty acid and glyceride 
structures of Indian animal fats. These may now be 
discussed in some detail. 

The work of Ivanow (1922-3) has shown that 
plants which thrive in both hot and cold climates 
produce in the former case seed fats that are 
relatively saturated, no doubt because a certain 
specific and effective degree of fluidity of the fat 
must be maintained relative to the outside tem- 
perature. It would now appear that animal fats 
from countries of the East with hot climates also 
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exhibit similar characteristics of saturation. Milk 
fats will first be considered and then the adipose 
tissue fats of animals. Empirical analysis of over 
160 Indian milk fats indicated that the unsaturation 
varied for cow and buffalo samples from an i.v. of 
24 to one of 40 (Achaya, Katrak & Banerjee, 1946). 
The extreme saturation of these milk fats compared 
to those of western origin which commonly exhibit 
iodine values of the order of 40, is very evident. 
There was a marked inverse relationship between 
Reichert-Meissl and iodine values in both cow and 
buffalo milk fat, but the iodine values of the former 
were about 3 units higher in each case than buffalo 
milk fats of the same Reichert-Meissl value. 

Since the precursor of both milk and depot fat is 
almost certainly the neutral triglyceride fraction of 
blood, it may seem inevitable to find markedly 
saturated reserve fats as well in Indian animals. 
Such indeed is the case: four samples of Indian cow 
depot fats examined by Hilditch & Murti (1940) 
showed extremely low figures for i.v. (25-8 to 31-1) 
compared to western beef tallows (i.v. about 40); 
while the analyses of the three Indian buffalo depot 
fats recorded above reveal values lying between 23 
and 27 which, though too small in number in either 
case for an unqualified opinion, appear to be of the 
order of 3 units less, as in the milk fats. The marked 
saturation of both types is again apparent. 

In addition to these regional and species differ- 
ences in the fatty acid assembly of Indian animal 
fats, there also appear to be striking peculiarities in 
their specific glyceride structures. Hilditch & his 
associates (Hilditch, 1940) have shown that if the 
fully saturated glyceride percentage of animal fats 
be plotted against the corresponding percentage of 
total saturated acids of the fat, the points lie on a 
smooth curve (curve 1 in Fig. 1) which cuts the 
saturated acid axis at a point corresponding to about 
25 % (by mol.) which is invariably the proportion of 
palmitic acid found in these fats. More generally, 
the palmitic acid contents tend to be 23+3% (by 
mol.) in the milk fats and 27+ 3% (by mol.) in the 
depot. If, however, similar points be plotted for the 
fats from Indian animals, it is found that they 
appear rather to lie on a well-defined line about 
4 units (by mol.) below the former. This graph cuts 
the saturated acid axis (new curve 2 in Fig. 1) at a 
point corresponding to about 30% (by mol.). 
Strikingly enough, the proportions of palmitic acid 
found in these fats are of this order: to make a 
further particularization, the percentages are about 
27+3 for the milk and 31+3 for the depot fats. 
These relationships are shown in Table 4 and Fig. 1. 

In addition to these twelve cases worked out in 
full, data are available from fatty acid analyses on 
the palmitic acid contents of three more buffalo 
milk fats (one by Bhattacharya & Hilditch, 1931; 
one by Heiduschka & Cicekdagi, 1940; and sample 
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2 of the present series), and one more cow milk fat 
(Bhattacharya & Hilditch, 1931); and of two cow 
depot fats (Hilditch & Murti, 1940), one buffalo 
depot fat (sample C of the present series), and seven 
wild animal fats (Hilditch, Sime & Maddison, 1942). 
These fourteen cases tend to confirm the new 
glyceride relationships postulated above for eastern 
animal fats. 


60 


40 


30 


20 


Fully-saturated glycerides (% by mol.) 





65 
Saturated acids in total acids (% by mol.) 


25 35 45 55 75 85 
Fig. 1. Comparative glyceride relationships of western 
(curve 1) and Indian (new curve 2) milk and depot fats. 


Curve 1 from Hilditch (1940). 


Of the five apparent exceptions to these twenty- 
six cases, the goat and sheep milk fats of Dhingra 
(1933) were from animals on a winter diet in a cold 
province like the Punjab and may indeed be said to 
support the contention that it is in a tropical 
climate that the above relationships would hold; 
the low palmitic content (20-2) of the sacred baboon 
fat of Hilditch et al. (1942) is no doubt due to the 


Total Fully- Palmitic 
Notation (As % by mol.) saturated saturated acid 

Milk fats in Fig. 1 Observer acids glycerides content 
Buffalo 1 Present sample 1 74-9 41-7 31-9 
99 2 ae oe 62-9 24-3 25-1 
i 3 Bhattacharya & Hilditch (1931) 70-1 34:3 28-7 
Cow 4 i iz 67-9 33-7 26-8 
Sheep 5 Dhingra (1933) 74-6 36-8 20-4 
Goat 6 : z 74-6 39-3 21-5 
Camel 7 Dhingra (1934) 62-6 25-6 28-3 

Depot fats 

Cow a Hilditch & Murti (1940) 72-9 35-9 40:8 
5 b ss - si 67-5 28-3 33-4 
Goat c Dhingra & Sharma (1938) 63-1 29-2 27-0 
Buffalo d Present sample A 69-5 32-5 33-4 
e * oo 73-9 37-2 45-6 


” 


K. T. ACHAYA AND B. N. BANERJEE 






Table 4. Total saturated acids, fully-saturated glycerides and palmitic acid contents of Indian animal fais. 
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low content of total saturated acids (29-7) and very 
high unsaturation, and that (19-0) of the buffalo 
milk fat of Bhattacharya & Hilditch (1931) 
possibly to dietary cotton-seed, a fact supported by 
the high stearic figure accompanying. The high 
palmitic percentage of buffalo depot fat B of the 
present series has already been commented upon. 

As a corollary to this lower content of fully 
saturated glycerides corresponding to any definite 
percentage of total saturated acids, Indian animal 
fats are also characterized by a higher, though still 
normally constant, content of mono-‘oleo’ glycerides 
than fats of European origin, and by higher 
association ratios, since the proportions of saturated 
acids in the mixed glycerides increase with respect 
to any definite proportion of unsaturated acids. 
Finally, the elegant relation one to another of the 
above features may be emphasized. 












SUMMARY 


1. Milk and depot fats derived from the Indian 
buffalo have been analyzed for component fatty 
acids and glycerides. 

2. Aninverse relationship between the lower acids 
and oleic acid has been shown to exist in the milk 
fats. Cotton-seed feeding results in a milk fat of 
high stearic and low palmitic acid content. 

3. Two types of depot fat have been encountered 
—of high and low palmitic content respectively. 
An inverse stearic-palmitic balance is postulated 
for these fats in contrast to the inverse stearic-oleic 
relationship in western tallows. 

4. Indian animal fats are shown to be character- 
ized by the following features: high saturation, a 
species difference of 3. units between the iodine 
values for both the milk and depot fats of cows and 
buffaloes, a lower content of fully saturated 
glycerides corresponding to any fixed percentage of 
total saturated acids than in western fats, higher 
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association ratios, and a higher, though still 
normally constant, proportion of mono-‘oleo’ 
disaturated glycerides. 
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We wish to express our grateful thanks to Prof. V. 
Subrahmanyan for his encouragement during the progress 
of these investigations. 
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Indigoid Pigments Derived from a Pathological Urine 


By C. RIMINGTON, University College Hospital Medical School, London, W.C. 1 


WitH AN ADDENDUM ON 


The Spectral Absorption of the Pigments 


By E. R. HOLIDAY anp E. M. JOPE, Research Laboratories, London Hospital, E. 1 


(Received 23 May 1946) 


This communication describes the isolation and 
identification of the indigoid pigments indirubin 
and indigotin from the acid-treated urine of a case 
of sprue. A relation between pigment production, 
severity of symptoms and the level of protein intake 
in the diet was observed. 


MATERIAL 


In the course of a study supervised by Wing- 
Commander T. F. Macrae of the urinary riboflavin 
excretion of cases of sprue among R.A.F. personnel, 
it was noticed that after autoclaving the urine for 
15 min. at 120 lb. pressure in the presence of dilute 
hydrochloric acid (3-25 ml. of 2N-HCl to 25 ml. 
urine), adjusting to pH 4-0 and then shaking with 
chloroform, this solvent was occasionally coloured 
deep purplish red. A patient was given an experi- 
mental diet, rich in protein, for a preliminary 
period of 3 days and then for an experimental 
period of 5 days. The urine was collected during the 
experimental period, that is from the 4th to the 8th 
day after the commencement of the protein-rich 
diet. During the period of collection of urine the 


quantity of urinary pigment extractable by chloro- 
form after autoclaving increased markedly and at 
the same time the patient’s condition deteriorated. 
Specimens of the pigmented chloroform extracts 
were submitted to me for an opinion concerning the 
nature of the colouring matter, and this formed the 
starting point of the present investigation. 

Out of ten patients given the experimental diet, 
the urines of at least five yielded the red chloro- 
form-soluble pigment. It cannot be stated with 
certainty that any member of the group was 
negative in this respect, since the phenomenon in 
question was only observed incidentally and was not 
a primary object of the investigation. 


METHODS AND RESULTS 


Spectral characteristics and quantitative determina- 
tion of the crude pigment. The colour of the washed 
and filtered crude chloroform extracts was a reddish 
purple. The spectral absorption in the visible region 
was determined by means of the Pulfrich step- 
photometer, with the set of Zeiss filters supplied 
with the instrument. A marked absorption band 
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was found in the region of wave-length 530 my the 
extinctions being maximal with the green filter 
$53 (see Fig. 1). This filter was accordingly used to 
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Fig. 1. Spectral absorption (step-photometer) of (a) 
chloroform extract of treated urine and (b) urine after 
extraction. 


compare the quantities of pigment in the chloro- 
form extracts of 25ml. amounts of the treated 
urines from the commencement of high protein 
feeding until the 8th day; the results are presented 
in Table 1. Extinctions were measured in a 1 em. 
cell, the chloroform extracts having all been made 
up to the same volume. 


Table 1. Yield of pigment from urine of sprue 
patient receiving a high protein diet 


Extinction Relative 
Days on using filter Urine vol. yield of 
diet $53 (ml.) pigment 

4 0-27 1790 1-00 

5 0-28 1650 0-96 

6 0-72 1465 2-18 

7 1-14 1000 2-36 

8 0-89 720 1-33 


The diet during this period consisted mainly of a 
variety of dehydrated foods of which skimmed milk 
powder was the most important ingredient; some 
dried beef, dried egg and a comparatively small 
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amount of cereal products were the principal re- 
maining ingredients. The diet supplied about 
3300 kg.cal. daily, had a fairly normal fat content 
(about 100 g. daily) and was rich in protein (140 g. 
daily). 

For the first few days after institution of the diet 
only a trace of pigment was recoverable from the 
chloroform extract of the autoclaved urine; the 
amount increased markedly on about the 4th day. 
It would appear that there was in this case a 
definite relation between the level of protein intake 
and excretion of chromogen. 

Isolation of indigotin and indirubin. The pigment 
present in the chloroform extracts could not be 
removed by shaking with 25 % (w/v) HCl or NaOH. 
Upon evaporation of the solvent, it was left as a 
soft, amorphous mass which was insoluble in cold 
light petroleum but moderately soluble in hot 
benzene, from which it showed some tendency to 
separate in crystalline form. Petroleum removed a 
small quantity of colourless material. 

After washing the pigmented residue from the 
pooled chloroform extracts repeatedly with cold 
petroleum, it was dissolved in a small quantity of 
hot benzene and passed through a column of 
adsorbent alumina (Savory & Moore) and the 
chromatogram developed with benzene. There 
appeared (a) a rapidly descending eau-de-nil- 
coloured zone which was completely eluted from the 
column and collected; (6) an intensely coloured 
cerise red band comprising the major quantity of 
the pigment and which separated only slowly from 
(c) a smaller uppermost layer of chocolate brown 
material: (b) and (c) were obtained by mechanical 
division of the column after a sufficient separation 
between their boundaries had been accomplished 
by development and the pigment of zone (b) was 
removed from the alumina by repeated washing 
with hot chloroform. 

The solution so obtained had a bright cerise 
colour and exhibited the absorption spectrum 
shown in Fig. 2 (Zeiss step-photometer). Evapora- 
tion of the solvent left a crystalline residue which 
was dissolved in a little hot benzene. On cooling, 
the deep red solution deposited the greater part of 
the pigment in flattened needles or laths frequently 
aggregated into rosettes. This material agreed in 
properties with indirubin or indigo red, the isomer 
of indigo blue. Its identity with indirubin was 
confirmed by step-photometric comparison with an 
authentic specimen of the latter (for chromato- 
graphic examination see p. 674) for which I am 
indebted to Prof. A. Rowe, of Leeds, with both 
benzene and chloroform as solvents (see Figs. 2, 3). 
Detailed comparison of the spectral absorption in 
the ultra-violet and visible regions of the synthetic 
and natural materials confirmed this identification 
(see Addendum and Fig. 6). 
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urine the ratio of indirubin to indigotin was of (©) purified blue pigment from urine and (x) of 
approximately 2:1. indigotin. 
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DISCUSSION 


Presence of an indirubin chromogen in urine in 
other conditions. Indigoid pigments have been 
obtained from normal and pathological urines in a 
variety of conditions and by numerous authors. In 
most cases, however, the identification of the pig- 
ments has not been sufficiently thorough. The 
familiar Jaffe and Obermayer reactions for indican 
(potassium indoxyl sulphate) both depend, of 
course, upon the production of indigo from indoxyl 
under the influence of acid and an oxidizing agent, 
and Rosin (1891) noted that some indirubin was 
produced in these reactions together with indigotin, 
especially if the temperature was raised. Rosin also 
isolated and satisfactorily identified indirubin from 
horses’ urine treated at boiling temperature with 
dilute.nitric acid. He demonstrated its formation 
from pathological urines, particularly when the 
patient suffered from intestinal disorder or wasting 
disease, and obtained it also from some apparently 
normal individuals by the same process. In this 
remarkably thorough study he showed that for the 
formation of indigoid pigment decomposition and 
oxidation of indoxy] are essential, that the product 
could vary according to the conditions employed 
and also that when indigo is sublimed by heating, 
some conversion into the isomeric indirubin takes 


place. In natural indigo from the plant, some of the 
red isomer accompanies the blue. The structural 
relationship between indigotin (blue) and indirubin 
(red) will be clear from the accompanying formulae: 


I 


Oy yy. af yy 
\F -_ NN 2 


wane ini blue) 


Indirubin (indigo red) 


Occasionally the indigoid pigments have been 
found preformed in urine, or at any rate their 
formation has taken place spontaneously and 
rapidly after the specimen was passed. Thus Rosin 
(1891) describes the separation on standing of a 
sediment containing both indigotin and indirubin 
from urine of a case of cystopyelitis, and Dorner 
(1922) found indigotin not only in the urinary 
sediment of a patient with kidney stones but also in 
the substance of therenal stones themselves. In these 
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cases the oxidizing agent necessary to transform 
the precursor (probably indoxyl) into pigment is 
presumably derived from the metabolizing bacteria, 

Relation of indirubin formation to the urorosein 
reaction and other tests. There has been in the past 
considerable confusion between indirubin and other 
red pigments formed from urine as for example 
urorosein in Nencki & Sieber’s (1882) urorosein test 
(N.S. test). The latter is carried out by adding to 
the urine a few drops of sodium nitrite solution and 
then 25% (w/v) hydrochloric acid. The reaction 
has been studied by Herter (1908), Watson (1938, 
1939) and others, and there seems little doubt that 
the pigment, probably nitrosoindole-acetic acid 
(Plimmer, 1920), is derived from indolylacetic acid 
as demonstrated by Herter (1908) or its conjugate 
with glycine, indolylaceturic acid (Homer, 1915). 

The Ellinger-Dojmi (1935) reaction was applied 
to the urine of pellagrins by Beckh, Ellinger & Spies 
(1937), who believed it to be a measure of por- 
phyrin excretion but Watson (1938, 1939) showed 
that this was not the case. The B.E.S. test, as it has 
become known, is similar to the N.S. test, and the 
pigment produced when the ether extract of the 
urine is shaken with 25 % (w/v) hydrochloric acid is 
urorosein. Watson with his collaborators (e.g. 
Watson & Layne, 1943) has made a careful study of 
the N.S. and B.E.S. tests and their relation to a red 
pigment which he observed in the preservative 
layer of toluene in contact with urines of pellagrins 
and certain patients with malnutrition of one cause 
or another. From the coloured toluene layer, a red, 
crystalline pigment was separated ‘closely related 
at least to indirubin’. No correlation could be found 
between the appearance of this pigment in the 
toluene and other evidences of nicotinic acid 
deficiency. Previously, Watson (1939) had stated 
that it appeared highly probable that the pigment 
was indirubin and concluded that there existed a 
close relationship between the production of this 
pigment and the urorosein reaction. He observed in 
certain urines that the B.E.S. test became negative 
as a red coloration developed in the toluene layer of 
the urines on standing. However, the outcome of 
the N.S. or B.E.S. tests did not always correspond 
with its formation, many urines which exhibited 
strongly positive tests failing entirely to develop a 
coloured toluene layer. Nitrite does not seem to be 
necessary for its formation. 

Chemical and spectral characteristics of urorosein. 
Urorosein as formed in the N.S. and B.E.S. tests isa 
cherry-red pigment the colour of which is discharged 
by neutralization of the mineral acid. It is not 
extractable from the aqueous layer by ether or 
chloroform and is thus easily distinguishable from 
indirubin. It is, however, extractable by amyl 
alcohol in which it shows an absorption band at 
555-557 mp, but in 25% (w/v) HCl solution two 
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weak bands appear at 544 and 511 my respectively 


(Watson, 1939). Homer (1915) gives 552-531 and 
505-492 my (faint) for the pigment derived from 
indolylacetic acid and 579-539 and 502-485 my 
(very faint) for that from indolylaceturic acid, and 
demonstrated the ready conversion of the latter 
into the former when urine is allowed to stand. 
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Fig. 5. Spectral absorption (step-photometer) of urorosein. 
(©) Mixture of indolylacetic acid and HCl, ( x ) the same 
after shaking with chloroform. 


Solutions of indolylacetic acid in 20% (w/v) 
hydrochloric acid turn red on standing, and such 
a solution when examined by the Pulfrich step- 
photometer was found to have a spectral absorption 
with evidence of a maximum at about 530 my (see 
Fig. 5). Similar ill-defined maxima were encountered 
in urorosein solutions prepared by the N.S. tech- 
nique, but by shaking these acid solutions with 
chloroform a considerable quantity of brown pig- 
ment was removed, showing only general absorp- 
tion, and leaving a clear pink colour in the aqueous 
phase. This pigment now exhibited a well-defined 
absorption spectrum with an intense maximum at 
about 530-540 mp (filter $53) as shown in Fig. 5. 
There is a striking similarity between the form of the 
absorption curve of urorosein and that of indirubin 
in chloroform or benzene (Figs. 2, 3) which supports 
the hypothesis of a close structural relationship 
between the two substances. Whilst, however, the 
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precursor of urorosein in urine is almost undoubtedly 
indolylacetic acid or its conjugate, this substance 
did not give rise to any indirubin when autoclaved 
in acid solution under the same conditions that 
produced indirubin from the sprue urine. Ellinger 
(1903, 1913) has postulated that indirubin arises 
from the condensation of indoxyl with isatin pro- 
duced from the latter by oxidation, thus: 


OH 1 


b 


YY’ 85 0 
CH +O0—C 
\A\y/ 
H 
ae 
name 


4X 


Such a reaction is known to take place in alkaline 
ethanolic solution (Schunk & Marchlewski, 1895a, 
b), but this simple explanation of indirubin 
formation is not accepted by Maillard (1913) 
although it would seem to be a very reasonable 
suggestion. Maillard (1901) has pointed out that if 
oxidation of the indoxyl-like precursor of these 
pigments is carried out rapidly indigotin results, 
but if slowly, indirubin is the main product. 

Fearon & Thompson (1930) describe another 
class of red pigments, namely, the urocarmines 
which are produced by union of indoxyl with 
phenols (having a free p-position) in the presence of 
oxidizing agents. They are not, however, chloroform 
soluble and are thus not likely to be confused with 
indirubin. 

An absorption band in a position almost identical 
with that of urorosein from indolylaceturic acid is 
seen in the pigment ‘skatoie red’ described by 
Brieger (1880), viz. 577-550 my. Homer (1915) does 
not consider skatole red to be a single substance and 
also finds that the mixed pigments obtainable from 
urines following skatol administration are much 
more stable than urorosein. 

Relation of Watson’s toluene-soluble red pigment 
to the pigment from sprue urine. As stated above, 
Watson noted considerable similarity between the 
pigment found by him in the layer of toluene 
preservative added to pathological urines and indi- 
rubin, but identity was not established. Schwartz, 
Marvin, Layne & Watson (1943) attempted to settle 
this question by use of the chromatographic 
technique. The toluene-soluble pigment from human 
or dog urine was adsorbed on alumina and washed 
by petroleum containing increasing quantities of 
ethyl acetate. The human pigment yielded six 
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zones, one of which was blue-green and broad, 
another red-violet in colour. Canine urine gave no 
blue pigment but four zones, one of which was red 
and one violet. A specimen of synthetic indirubin 
(Pont de Nemours Co.), prepared from isatin and 
indoxyl, was also chromatographed but afforded no 
less than four zones, a purple, two violet and a blue. 
Ultra-violet absorption curves made from the 
violet pigments and sublimation temperatures were 
compared with those of the main human and canine 
fractions, and similarity but not identity demon- 
strated. These authors concluded that none of the 
pigment isolated from the urines was identical with 
synthetic indirubin. 

It is rather difficult to understand this statement 
as ‘synthetic indirubin’ was found to be a mixture 
of several different pigments. The indirubin used 
for comparison in the present work was obtained 
from the chemical museum of the Department of 
Colour Chemistry, Leeds, and was well crystallized. 
When chromatographed in benzene solution on 
alumina it appeared homogeneous except for a 
trace of blue which rapidly passed out of the column 
(indigotin). Further development with 1:1 mixture 
of petroleum and ethyl acetate caused the separa- 
tion of another trace of impurity, a very narrow 
pale mauve band moving more slowly than the 
indirubin. The main band after this treatment 
could not be further resolved even by chloroform as 
developing agent. It is quite clear that Watson and 
his collaborators were unlucky in having obtained a 
very impure specimen of material with which to 
compare their urinary pigments. 

As proof of identity of the pigment from sprue 
urine here described with indirubin may be cited 
the fact, in addition to the spectroscopic evidence 
already presented, that when mixed and developed 
chromatographically on alumina no separation of 
these two pigments was found possible. It thus 
seems clear that the pigment in question was indi- 
rubin. Whether or not Watson’s toluene-soluble 
pigment is in fact the same must remain an open 
question. 

Relation of indirubin production to sprue and to the 
diet. From what has been stated, it will be clear 
that indirubin may be produced from many patho- 
logical urines, especially those from cases of mal- 
nutrition or intestinal disease. It cannot be con- 
sidered specific for sprue, but is almost certainly 
related to the disordered digestive and absorptive 
processes of this condition. The finding that its 
production is increased on a high-protein diet 
supports the idea that its precursor is indoxyl or a 
similar product of tryptophan metabolism. 
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In this connexion it is interesting to note that 
Homer (1913) found no chromogens excreted in the 
urine after the administration of tryptophan in 
amounts as large as 10 g. to normal dogs on a diet of 
milk and bread ; indolearboxylic acid was eliminated 
in the unchanged state where in the urine it gave 
rise on oxidation to a typical pigment with ab- 
sorption band 505-484 my; indolaldehyde gave rise 
to urinary indican forming the chloroform-soluble 
blue pigment with absorption 627—598 my. Homer 
concludes that her data point to the liver as being 
the site of decomposition of tryptophan, and that 
the presence of indoxyl compounds in the urine is 
not of necessity due to bacterial disturbances in the 
intestinal tract but may owe its origin to the forma- 
tion of indolaldehyde in the liver as a result of the 
failure of the disordered liver cells to deal normally 
with tryptophan. 























SUMMARY 


1. The chemical characteristics and_ spectral 
absorption are described of a chloroform-soluble 
pigment obtained from the treated urine of a 
patient suffering from sprue. The urine was heated 
with dilute acid prior to extraction. 

2. From the crude pigment, indirubin (indigo red) 
and indigotin (indigo blue) were isolated in an 
approximate relative proportion of 2:1. These 
pigments were crystallized and characterized by 
their spectral absorption. 

3. The quantity of mixed pigment excreted daily 
by the patient was found to increase greatly when 
he was placed on a diet high in protein but normal 
in fat. Whilst he was on this diet his clinical con- 
dition deteriorated. 

4. The relation is discussed of indirubin forma- 
tion to the urorosein reaction (Nencki & Sieber and 
Beckh, Ellinger & Spies) and to the toluene-soluble 
red pigment observed by Watson to be present in 
certain pathological urines, particularly those of 
some pellagrins and patients with gastro-intestinal 
disease. 
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ADDENDUM 


SPECTRAL ABSORPTION 
By E. R. HOLIDAY anp E. M. JOPE 


From an examination of the spectral absorption, in (p. 670), the identification of these two pigments has 
the ultra-violet and visible, of synthetic indirubin — been confirmed. 

(Rowe) purified chromatographically (p. 674) and Their spectral absorption curves were obtained 
that of the red pigment isolated from treated urine with a Hilger medium quartz spectrograph E498 


A, mp 250 300 400 500 600 700 


¢ 16-8 


€mol. ~ 


20 x10* cm.-! 


Synthetic indirubin 


Fine structure : : 
Red pigment from urine 
band systems 


Indigotin 





Fig. 6. Comparison of spectral absorptions in chloroform of synthetic indirubin (full curve —) and red pigment isolated 
from treated urine (points ---) both solutions 0-0805 x 10-°m. The full curve for synthetic indirubin is based upon 
twice as many experimental points as those shown for the natural product. The fine structure band systems of these 
absorption spectra and of that of indigotin in chloroform are shown diagrammatically. 


€mol. =logyo 7 x ca’ 
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and Spekker photometer, with a tungsten steel 
spark as a light source with Ilford process plates 
for the wave-length range 230-400 mp, and a 
tungsten ribbon filament lamp with Kodak IIIF 
plates for the range 400-690 my. The spectrograms 
were matched on a photoelectric microphotometer. 

The spectral absorption curves of the synthetic 
and natural products in chloroform agreed closely 
with one another over the whole range 230-690 my 
(Fig. 6). Further examination of these pigments by 
a modification of the technique of Holiday (1937) 
revealed the existence of fine structure band 
systems in their ultra-violet spectral absorption, 
and the identity of position of these bands for the 
two pigments makes their chemical identity much 
more certain than would the mere demonstration of 
a close similarity between the envelopes of their 
absorption curves (Holiday, 1945). By dissolving 
first in a drop of chloroform it was possible to get 
sufficient indirubin into hexane for examination, and 
with both synthetic and natural products a system 
of seven bands was observed similar to that in chloro- 
form but as a whole displaced by 5 my to the shorter 
wave-lengths. Woodward (1941) notes an average 
displacement of 7 my between the wave-lengths 
observed in these two solvents of the intense 
absorption peak at A=220-260 my of a large 
number of «:f-unsaturated ketones. The use of 
hexane did not in the case of indirubin give sharper 
fine structure than chloroform. The fine-structure 
band systems of indigotin isolated from the same 
urine (p. 670) were also observed in chloroform 
solution and are recorded in Fig. 6 for comparison. 





Table 1. Wave-lengths and molar extinction co- 
efficients of the absorption peaks of indirubin in 
chloroform 

Data of Cholewinski & 


Present data Marchlewski (1938) 


A (mp) Emol. A (mp) €mol. 
242 17,200 — _— 
291-5 22,000 289-5 20,900 
362 4,600 360 5,300 
540 10,400 — _ 


The spectral absorption data for indirubin pre- 
sented here may be compared with that of Chole- 
winski & Marchlewski (1938) (see Table 1) who used 
similar equipment, but matched their spectrograms 
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visually. Attention may be called to two errors in 
their paper: (1) from the tables of experimental 
data (their Table 2) it is clear that the concentration 
of indirubin used must have been 0-0001™ and not 
0-00001Mm as stated; (2) log emo, for the 360 mp 
band in chloroform is 3-73 as shown in their Fig. 1 
and not 3-23 as appears in their Table 2. They give 
no details of purification of their specimens. They 
do not record the visible band, and their absorption 
curves give no hint of the fine structure detected in 
the present study. 

Observation of fine structure in the low-intensity 
bands of indirubin and indigotin in the region 
A=350 mp, and similar unpublished observations 
(Jope & Jope) in the corresponding bands in the 
region A= 320 my of acetophenone and many other 
compounds containing the group 





















present also in these pigments, indicates that the 
electron transition causing this band, although 
probably located in the C—O group, is coupled to 
the vibrational energy levels of the benzene ring 
to which that group is conjugated. This band with 
its superimposed fine structure may be considered 
as characteristic of the benzoyl group acting as a 
chromophore. This evidence supports the similar 
interpretation of Morton & Stubbs (1940). 

The intense absorption bands in the visible of 
indirubin and indigotin in organic solvents must be 
due to the whole molecule acting as a chromophore 
in each case, and this is explained by van Alphen 
(1941), Sheppard & Newsome (1942) and others as 
being due to a resonance between two structures, 
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some unknown factor favouring the o-quinonoid 
form. Sheppard & Newsome explain the variations 
in spectral absorption in the visible and hence the 
colours of indigotin solutions in different solvents on 
the basis of the above resonance hypothesis. 
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Combination between different Proteins and between 
Proteins and Yeast Nucleic Acid 


By A. KLECZKOWSKI (Beit Memorial Research Fellow), 
Rothamsted Experimental Station, Harpenden, Herts 


(Received 3 June 1946) 


There are many substances that reversibly inhibit 
the infectivity of tobacco mosaic virus. The 
mechanism of inhibition is largely unknown, but 
some of the most effective inhibitors, trypsin and 
ribonuclease for example, combine with the virus 
(Kleezkowski, 1944; Loring, 1942). Other sub- 
stances, such as clupein and nicotine, also combine 
with the virus (Bawden & Pirie, 1937a, b), though 
their effects on infectivity have not been tested. 
Combination between the virus and ribonuclease or 
clupein is apparent from the formation of visible 
precipitates when salt-free solutions of the com- 
ponents are mixed. The precipitates dissolve when 
neutral salt is added. 

Precipitation of proteins by protamines, and of 
nucleic acids by proteins or protamines, is a well- 
known phenomenon that has been extensively 
studied (Ugglass, 1914; Steudel & Peiser, 1922; 
Hammarsten, 1924; Lissitzin & Alexandrowskaja, 
1933). It is generally accepted to be the result of a 
salt-like combination occurring between oppositely 
charged substances. Similar phenomena have not 
been hitherto observed with pairs of proteins both 
having isoelectric points in the acid or in the 
alkaline region, and in the main they have also been 
confined to combinations between pairs of sub- 
stances in solution, though it has been shown that 
suspensions of heat-coagulated egg albumin can 
combine with dissolved yeast nucleic acid (Przylecki 
& Grynberg, 1932), and also that solid yeast nucleic 
acid can combine with dissolved amylases (Butler, 
1945). In the present paper it is shown that 
insoluble heat-coagulated proteins behave like pro- 
teins in solution and can combine with dissolved 


proteins, clupein and yeast nucleic acid. The con- 
ditions determining such combinations have been 
studied and attempts have been made te measure 
the effects of such combinations on the infectivity of 
tobacco mosaic virus. 


MATERIAL AND METHODS 


Purified tobacco mosaic virus, prepared by the method 
described by Bawden & Pirie (1943), was used. 

Crude serum globulin was obtained from human serum by 
half-saturation with (NH,),SO,; the resulting precipitate 
was filtered off, washed in half-saturated (NH,),SO,, dis- 
solved in H,O and dialyzed against 0-9% NaCl. 

Crude serum albumin was prepared from horse serum. 
After removing the globulin fraction by half-saturation with 
(NH,),SO, and filtering, the albumin was precipitated by 
saturating the filtrate with (NH,).SO,. The precipitate was 
filtered off, dissolved in H,O and dialyzed against H,O. 

Globin was prepared from rabbit haemoglobin. Blood 
corpuscles were sedimented from oxalated rabbit blood by 
centrifugation, washed several times with 0-9% NaCl and 
haemolyzed by adding distilled water. All sedimentable 
material was removed by centrifugation. Globin was 
prepared from the resulting solution by the HCl-acetone 
method of Anson & Mirsky (1930). The precipitate was 
washed thoroughly with acetone until washings were 
colourless, and dried. 

Crystalline ribonuclease was prepared from beef pancreas 
by the method described by Kunitz (1940). The enzyme was 
twice crystallized from (NH,),SO, solution, dialyzed against 
distilled water and dried. 

Commercial preparations of clupein sulphate and of yeast 
nucleic acid were obtained from the British Drug Houses 
Ltd. About 40% of the nucleic acid was precipitated when 
10 vol. of glacial acetic acid were added to 1 vol. of the 
neutral solution. 
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Suspensions of heat-coagulated proteins. 1% solutions of 
tobacco mosaic virus, globulin and globin in 1% NaCl were 
adjusted to pH 7-0 (which precipitated the globin), and 
heated for 5-10 min. in a water-bath at 100°. The coagulated 
proteins were centrifuged down and washed several times, 
first with water and then with the solutions in which they 
were finally suspended for the experiments. Fine sus- 
pensions were made by grinding first with small and then 
with greater quantities of the solutions. Suspensions of the 
denatured tobacco mosaic virus contained no phosphorus or 
carbohydrate, indicating the absence of nucleic acid. 

Enzymic activity of ribonuclease. This was measured by 
estimating the amounts of yeast nucleic acid rendered un- 
precipitable by acetic acid. Samples to be tested were 
diluted in 0-2 -boric acid-borax buffer at pH 6-8 and mixed 
with equal volumes of 3% solutions of salt-free yeast 
nucleic acid at pH 6-8. The mixtures were incubated in a 
water-bath at 50° for 30 min., and 10 ml. of glacial acetic 
acid were then added to 1 ml. of the mixture. The fluids 
were centrifuged, the precipitates washed in acetic acid 
and their phosphorus contents measured. Several control 
experiments with known but varying amounts of the 
enzyme (usually about 0-01 mg./ml. and less) were made 
simultaneously under the same conditions, and it was found 
that the amounts of phosphorus rendered unprecipitable by 
acetic acid increased with increasing concentrations of 
ribonuclease in a non-linear manner. Estimates of the 
ribonuclease in test fluids were made by graphic inter- 
polation using the data obtained in the control experiments. 

Other estimations. Nitrogen was determined by the micro- 
Kjeldahl method, phosphorus and carbohydrate colori- 
metrically, using for the former a method based on the 
reduction of phosphomolybdic acid by stannous chloride in 
the presence of H,SO, and for the latter an orcincl method 
(see Snell & Snell, 1936, 1937). To suit the requirements of 
this work a modified method for estimations of phosphates 
in water was used. Materials under test were first inciner- 
ated with H,SO, and cleared by adding a few drops of 
perhydrol; the fluids were then diluted in water and mixed 
with a 12-8% (w/v) solution of ammonium molybdate so 
that the proportions of H,SO, and ammonium molybdate 
corresponded to those obtaining in the ‘Molybdate reagent’. 

Infectivity tests with tobacco mosaic virus were made by 
the local lesion method using Nicotiana glutinosa as host 
plant. The half-leaves inoculated with each preparation 
were randomized in a Latin square design and at least eight 
leaves were used for each treatment. Inoculation was 
effected by rubbing the leaf with the forefinger and after- 
wards washing with water. 


RESULTS 
Isoelectric points of the proteins 


To test whether the electric charge determines combination, 
it was necessary to know, at least approximately, the iso- 
electric points of the proteins. The isoelectric points of 
tobacco mosaic virus and unheated globin, and of suspen- 
sions of heat-coagulated globin, serum globulin and the 
protein component of tobacco mosaic virus, were deter- 
mined by finding the pH at which the materials gave 
maximal flocculation. The suspensions are uniform and 
settle very slowly, except in pH ranges around their iso- 
electric points when they settle quickly with formation of 
large floccules, 





A. KLECZKOWSKI 








1946 


Solutions or suspensions (0-1%) were made in distilled 
water and placed in a number of narrow tubes. The pH was 
adjusted to different values by adding HCl or NaOH and 
measured with a glass electrode. (Buffer solutions were not 
used, as it is known that the presence of salts may influence 
the results (Michaelis & Rona, 1919; Michaelis & Szent- 
Gyorgyi, 1920), particularly when they contain polyvalent 
ions.) The pH of the fluid in the tube that first showed 
obvious floccules was taken as the isoelectric point. The 
results are shown in Table 1. Differences in the pH values 
between successive tubes were rather large, so the values 
can only be considered as approximations. 

Tobacco mosaic virus was tested in the presence of 0-5% 
NaCl, as in salt-free solutions its maximal flocculation is 
difficult to detect. According to Bawden & Pirie (1937a) 
the virus precipitates optimally in the presence of salt at 
pH 3-4, and in salt-free solutions, or with a salt concentra- 
tion of less than M/50, at about pH 4-2. The pH value of 
about 3-2 shown in Table 1 agrees with these results and 
with the isoelectric point of the virus found electrophoretic- 
ally in the presence of (NH,),SO, by Loring & Stanley (1937). 


Table 1. pH values at optimal flocculation 
of the proteins tested 
pH at optimal 


Protein flocculation 
Solution of intact tobacco mosaic virus* 3-2 
Suspension of heat coagulated protein of 5-0 


tobacco mosaic virus 
Suspension of heat coagulated globulin 6- 
Solution of unheated globin 7 
Suspension of heat coagulated globin 7: 


roe 


o 


* The preparation contained 0-5% NaCl. 


The isoelectric point of unheated and of heat-coagulated 
rabbit globin was found to be pH 7-5. Isoelectric points of 
globins of other species also have been found to be in the 
alkaline region, that of bovine globin, for example, pH 8-1 
(Osato, 1922). 

The isoelectric point of the heat-coagulated protein 
component of tobacco mosaic virus was found to be pH 5-0, 
and that of heat-coagulated human serum globulin pH 6-0. 
Proteins with isoelectric points below pH 7-0 usually shift 
their isoelectric points by not more than 0-5 of the pH unit 
towards the alkaline side as a result of denaturation 
(Neurath, Greenstein, Putnam & Erickson, 1944). The much 
greater shift found with tobacco mosaic virus is almost 
certainly a result of removing the nucleic acid from the 
protein component. 

Whole-serum globulin in its native state contains several 
fractions with different isoelectric points. Stenhagen (1938) 
found three, designated «, B and y, with isoelectric points at 
about pH 4-8, 5-2 and 6-4 respectively. The fact that the 
suspension of heat-coagulated whole-serum globulin seemed 
to have its isoelectric point at about pH 6-0 can be explained 
as a result of the formation of complexes when different 
proteins undergo heat denaturation together in the presence 
of salt (Kleczkowski, 1941, 1943, 1945). Different fractions 
of native globulin, with different isoelectric points, would 
combine during heat denaturation to form a complex, and 
all particles of the resulting suspension would have either 
the same isoelectric point, or different isoelectric points 
but distributed over a much narrower pH range than those 
of the separate fractions in native globulin. 
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Tiselius (1937), working with whole serum and also with 
an electrophoretically isolated albumin fraction, found 
horse-serum albumin to be isoelectric at pH 4-64, and 
Kekwick (1938) found the isoelectric point of crystalline 
fractions to be pH 4-8, The isoelectric point of ribonuclease 
was given by Rothen (1940) as pH 7-8, and that of clupein 
by Miyake (1927) as pH 12-1. 

Yeast nucleic acid contains free amino groups in guanine, 
adenine and cytosine, so that it may be amphoteric. It was 
assumed, however, that, in the conditions in which it was 
used in this work, i.e. at pH values higher than those at 
which it precipitated, it was always negatively charged. 


Combinations between materials mixed as solutions 


In Table 2 the behaviour of tobacco mosaic virus 
on mixing with solutions of proteins, clupein or 
yeast nucleic acid is compared with that of other 
proteins. Equal volumes of 0-2 % solutions of the 
tested materials at the required pH (adjusted with 
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HCl or NaOH and measured with a glass electrode) 
were mixed. Except for serum globulin with which 
tests were made in M/100 NaCl, all fluids were salt- 
free. At pH 4-7 globulin solutions became turbid, 
presumably because the fraction isoelectric near 
this pH (Stenhagen, 1938) was precipitated, and 
about 20% of the protein could be centrifuged off. 
The clear supernatant fluid was used in the tests. 
Tobacco mosaic virus, serum globulin and globin are 
insoluble at pH values around their isoelectric points, 
and consequently their precipitability by other 
substances could not be tested at these pH values. 

It will be seen that precipitation occurred in most 
mixtures when the pH was such that the con- 
stituents carried opposite electric charges. The 
behaviour of tobacco mosaic virus did not differ 
from that of other proteins. The isoelectric points of 
globin and clupein are both in the alkaline region, 


Table 2. The effect of pH on mutual precipitation of proteins and nucleic acid 


(pH values of isoelectric points of the proteins, or a pH range within which isoelectric points of component fractions 


are distributed, are given in brackets.) 


pH 
of the 
Mixture mixture 
TMV (4-2) + RNase (7-8) 2-5 - 
4-7 ++++ 
6-0 ++++ 
6-5 +++ 
7-0 ++ 
7-5 = 
8-0 - 
TMV (4-2) + clupein (12-1) 2-5 ~ 


Precipi- 
tation 


TMV (4-2) + globin (7-5) 2-5 - 


TMV (4-2) + globulin (4-8-6-4) 2-5 = 


Globulin (4-8-6-4) + clupein (12-1) 4-0 - 
4-7 - 
6-5 ++ 
9-0 t++ 
4-0 - 
4-7 - 
6-5 + + 
9-0 - 
Albumin (4-8) + RNase (7-8) 4-0 - 
6-0 - 
9-0 - 


Clupein (12-1) + RNase (7-8) 6-0 - 
9-0 = 
Globin (7-5) + RNase (7-8) 6-0 - 
9-0 ~ 


Globulin (4-8-6-4) + globin (7-5) 


pH 
of the 
mixture 


Precipi- 


Mixture tation 


Globulin (4-8-6-4) + RNase (7-8) 


Albumin (4-8) + clupein (12-1) 


Albumin (4-8) + globin (7-5) 
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Globin (7-5) + clupein (12-1) 
9-0 Se 
Albumin (4-8) + NA 4-4 et 
4-6 + 
4-8 - 
5-0 - 
Globulin (4-8-6-4) + NA 4-0 +++ 
4-7 ~ 
6-5 - 
Globin (7-5) +NA 6-0 +++ 
9-0 - 
Clupein (12-1) +NA 6-0 ee 
9-0 +e 4+4 
TMV (4-2)+NA 2-5 ‘ 
4-7 - 
6-0 * 


RNase (7-8) +NA 
8-0 _ 


TMV, tobacco mosaic virus; RNase, ribonuclease; NA, yeast nucleic acid. 
Plus signs indicate appearance and degree of turbidity followed by precipitation. 
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yet these also co-precipitated when the pH of the 
mixture was intermediate between the isoelectric 
points. Similarly, tobacco mosaic virus could be 
precipitated by serum globulin, although the iso- 
electric points of both are in the acid region. When 
examined microscopically this precipitate was found 
to consist of para-crystalline threads similar to 
those produced by combination between the virus 
and ribonuclease or clupein, whereas the precipitate 
formed with globin seemed to be amorphous. 
When the NaCl concentration was raised to m/50, 
most of the precipitate with globulin dissolved, and 
at still higher salt concentrations it dissolved com- 
pletely. 

A minute precipitate is also produced when the 
virus and yeast nucleic acid are mixed at pH 2:5, 
i.e. on the acid side of the isoelectric point of the 
virus. This precipitate settles slowly when left un- 
disturbed and leaves a clear supernatant fluid. It is 
amorphous and dissolves in 1% NaClsolutions. The 
pH range at which this precipitate can be obtained is 
rather limited, as at pH 2-5 yeast nucleic acid begins 
to be slightly opalescent, and the opalescence in- 
creases considerably when the pH is lowered to 2-0. 

All the precipitates shown in Table 2, except that 
formed between globin and clupein, are dissolved by 
adding NaCl to a concentration of 2%. 

Table 2 shows that mixtures of some pairs of 
substances did not precipitate at any pH value, 
although their isoelectric points are as far removed 
from each other as those of other materials which 
did precipitate. For example, there was no pre- 
cipitation in albumin-ribonuclease mixtures, or in 
clupein-ribonuclease mixtures. 

Combinations of tobacco mosaic virus with 
ribonuclease, globin and clupein at pH 6-0 and the 
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effect of NaCl on these combinations, were studied 
quantitatively. At this pH, particles of the virus 
are negatively charged, whereas the other three 
materials are positively charged. In salt-free 
mixtures precipitates are formed which can be 
dissolved by adding sufficient NaCl. Tests were 
made to see whether the addition of NaCl sufficient 
to dissolve the precipitates splits the compounds, or 
whether it merely makes them soluble. 

Salt-free solutions of the virus were mixed with 
those of the other materials at pH 6-0. One set of 
mixtures was kept salt-free, whereas NaCl was 
added to another. Precipitates were formed im- 
mediately the solutions were mixed, and these 
dissolved immediately NaCl was added. In the set 
without NaCl, precipitates were removed by centri- 
fugation for 5 min. at 8000r.p.m. In the set to 
which NaCl had been added the mixtures were 
centrifuged for lhr. at 40,000r.p.m., which is 
sufficient to sediment the virus, but not any of the 
other constituents of the mixtures, when free. The 
amounts of the constituents were then estimated in 
the supernatant fluids and/or in the sediments. The 
details and results of the experiment are given in 
Table 3. It will be seen that in the absence of salt 
most of the globin and ribonuclease, and about one- 
third of the clupein, were combined with the virus. 
The addition of enough NaCl to dissolve all the 
precipitates, split the combinations with globin and 
with ribonuclease to a considerable extent, and that 
with clupein to a smaller extent. The inference is 
that the virus-clupein compound is less susceptible 
to NaCl than the other two. It can be noticed, 
however, that none of the combinations was split 
completely, although the precipitates were all 
dissolved. 


Table 3. The effect of NaCl on combination of tobacco mosaic virus 
with clupein, globin and ribonuclease 


The volumes 
made up to 


N and P contents 
(in mg.) of 
Other 
material 
in the 
sediment* 


TMV 


Supernatant 
in the 


fluid Sediment 


sediment* 


Further a ao 
(%) (%) 


ieee. 
treatment N P N P 
0-45 O 2-66 0-077 100 30 
0-055 0 2-97 0-077 100 91 
0-47 0-009 2-56 0-068 88 70t 
052 O 2-58 0-077 100 19 
0-50 O 2-52 0-077 100 11 
0-54 O 2-48 0-077 100 5T 
0 0 2-46 0-077 100 — 
0-64 — oO — — 0 
0-56 — 0 -- — 0 
0-57 = 0 a= _— 0 


8-0 ml. by 
adding 


Water 


Materials mixed in 7-4 ml. 

16-0 mg. TMV +4 mg. clupein 
16-0 mg. TMV +4 mg. globin 
16-0 mg. TMV +4 mg. ribonuclease 
16-0 mg. TMV +4 mg. clupein 
16-0 mg. TMV +4 mg. globin 
16-0 mg. TMV +4 mg. ribonuclease 
16-0 mg. TMV 

4-0 mg. clupein 

4-0 mg. globin 

4-0 mg. ribonuclease 


Centrifuged 
for 5 min. at 
8000 r.p.m. 


Centrifuged 
for 1 hr, at 
40,000 r.p.m. 


Centrifuged 
for 1 hr. at 
40,000 r.p.m. 


20% (w/v) 
NaCl 


Water or 
20% (w/v) 
NaCl 


TMV, tobacco mosaic virus. 

* Computed from the distributions of N and P between the sediments and the supernatant fluids. 

+ By estimation of its enzymic activity 70% of ribonuclease was found in the sediment and 30% in the supernatant 
fluid. Similarly 5% of ribonuclease was found in the sediment and 95% in the supernatant fluid. 
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A similar experiment was made to test combina- 
tion of the virus with the three materials at pH 9-0. 
Salt-free solutions of the components were adjusted 
to pH 9-0 and mixed in the same proportions as in 
the experiment shown in Table 3. No precipitates 
formed in the mixtures of the virus with ribonuclease 
or globin. The virus was sedimented from. these 
mixtures by centrifugation for 1 hr. at 40,000 r.p.m. 
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than globin or clupein, while globin is rather more 
effective than clupein. To get comparable reduction 
of infectivity with these inhibitors ribonuclease 
must be used at 1/100th of the concentration of the 
other two substances. 

Table 4 shows that the addition of NaCl to the 
virus reduced the numbers of lesions given by both 
the control virus solutions and mixtures of the 


Table 4. The effect of NaCl on inhibition of infectivity of tobacco mosaic virus 
by ribonuclease, globin and clupein 


(All solutions at pH 6-0.) 
Added 1/10th 


Average numbers 
of lesions 


Numbers of 
lesions as % 


Contents of the mixtures/ml. vol, of per leaf of controls 

0-1 mg. TMV +0-01 mg. ribonuclease Water 27 10 
+0-1 mg. ribonuclease 3 1 
+1-0 mg. globin 14 5 
+1-0 mg. clupein 62 23 
Water control 266 100 
+0-01 mg. ribonuclease 20% (w/v) 17 16 
+0-1 mg. ribonuclease NaCl 2 2 
+1-0 mg. globin 20 20 
+1-0 mg. clupein 44 41 
Water control 107 100 
0-01 mg. TMV +0-01 mg. ribonuclease Water 1-75 + 
+0-1 mg. ribonuclease 0 0 

+1-6 mg. globin 1 2-5 
+1-0 mg. clupein 8 19 
Water control 42 100 

+0-01 mg. ribonuclease 20% (w/v) 2-5 12-5 

+0-1 mg. ribonuclease NaCl 0-5 2-5 
+1-0 mg. globin 6 30 
+1-0 mg. clupein 7 35 
Water control 20 100 


A precipitate formed in the mixture of the virus 
with clupein, and this was removed by centrifuga- 
tion for 5 min. at 8000 r.p.m. The amounts of the 
components in the sediments and in the supernatant 
fluids were estimated as in the experiment shown in 
Table 3. The virus-clupein mixture gave the same 
results at pH 9-0 as it gave at pH 6-0. About 30% 
of clupein was in the precipitate combined with the 
virus. The results with ribonuclease and with 
globin, however, were different. Only about 20% of 
ribonuclease, and almost no globin, were found in 
the sediments in combination with the virus. 

The results suggested that a test of the effect of 
NaCl and of the pH on inhibition of infectivity of 
the virus by ribonuclease, globin and clupein would 
be of interest. To test the effect of NaCl, salt-free 
solutions of the virus were mixed with those of the 
other materials. The solutions were at pH 6-0. One 
set of the solutions was left salt-free and NaCl up to 
a concentration of 0-3mM was added to another set. 
All the mixtures were then inoculated into N. 
glutinosa. The details and the results of the experi- 
ments are shown in Table 4. It will be seen that all 
three materials reduced the infectivity of the virus. 
Ribonuclease is a much more powerful inhibitor 


virus with ribonuclease and with clupein. Thus direct 
interpretation of the effect of the salt on the in- 
hibition of infectivity of the virus by these two 
materials cannot be made. With globin, however, 
the salt obviously reduced the inhibition consider- 
ably, for when added to the virus-globin it led to the 
formation of more lesions than were given by the 
salt-free mixture. That salt also reduced the in- 
hibiting effects of ribonuclease and clupein is 
strongly suggested by the fact that, if the numbers 
of lesions given by the mixtures of the virus with 
the two materials are treated as percentages of those 
given by the respective controls, the addition of 
NaCl increased the percentages. 

The effects of all three materials on infectivity of 
the virus can be reversed by dilution. The more the 
mixtures are diluted in water, the nearer the 
numbers of lesions obtained approximate to those 
formed by equally diluted control virus solutions. 

To test the effect of pH on inhibition, salt-free 
mixtures of the virus with globin, clupein and 
ribonuclease were made at pH 6-0 and pH 9-0, and 
the mixtures were inoculated into N. glutinosa. The 
details and the results are shown in Table 5. It will 
be seen that clupein inhibited infectivity of the 
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Table 5. The effect of pH on inhibition of infectivity of tobacco mosaic virus 
by ribonuclease, globin and clupein 


Contents of the mixtures/ml. 


0-1 mg. TMV +0-01 mg. ribonuclease 

+1-0 mg. globin 
+1-0 mg. clupein 
Water control 
+0-01 mg. ribonuclease 
+1-0 mg. globin 
+1-0 mg. clupein 
Water control 

0-01 mg. TMV +0-01 mg. ribonuclease 
+1-0 mg. globin 
+1-0 mg. clupein 
Water control 


+0-01 mg. ribonuclease 
+1-0 mg. globin 

+1-0 mg. clupein 
Water control 


virus at pH 9-0 as strongly as at pH 6-0, whereas 
ribonuclease and globin inhibited at pH 6-0 much 
more strongly than at pH 9-0. 


Combination of dissolved proteins and yeast nucleic 
acid with suspensions of heat-coagulated proteins 


Suspensions of heat-coagulated protein can be 
flocculated by yeast nucleic acid or clupein in the 
same manner as dissolved protein can be precipi- 
tated by the two materials. Table 6 shows the 
behaviour of salt-free mixtures containing 0-1% 
protein suspensions and 0-05 % solutions of clupein 
or nucleic acid. The constituent fluids were adjusted 
to desired pH values with HCl or NaOH before they 
were mixed. All tests were made at the pH values 
remote from the isoelectric points of the protein 
suspensions, so that flocculation in the controls was 
slow. Mixing with clupein or nucleic acid caused 
rapid formation of large floccules which quickly 
settled. This occurred only at pH values at which 
the protein suspensions and the solutions of nucleic 


Numbers of 
lesions as % 
of controls 


Average numbers 
of lesions 
pH per leaf 
6-0 15 12 
6 5 
25 20 
127 100 
23 18 
33 26 
27 21 
126 100 


6 
1l-é 
16 
100 
15 
15 
12 
100 


Roo Woe bte 


1) 
No 


acid or clupein were oppositely charged. Suspen- 
sions of globin and of denatured protein from tobacco 
mosaic virus also flocculated one another at pH 6-0, 
i.e. when their particles were oppositely charged. 

The presence of 2% NaCl did not prevent 
flocculation in the mixtures of protein suspensions 
with nucleic acid or clupein, but floccules were 
formed much more slowly than in the absence of 
salt. 

Suspensions of heat-coagulated rabbit globin, 
human-serum globulin and the protei component 
of tobacco mosaic virus were tested quantitatively 
at different pH values for their ability to combine 
with solutions of yeast nucleic acid, ribonuclease, 
clupein and horse-serum albumin, respectively. The 
adsorption of the same materials by charcoal was 
also tested. The suspensions of heat-coagulated 
proteins and charcoal were made in M/50 solutions 
of buffers at different pH values and mixed with 
solutions of materials tested for combination in the 
same buffer solutions. In the tests with clupein at 
pH values 6-0 and higher, buffers could not be used, 


Table 6. Flocculation of suspensions of heat-coagulated proteins by oppositely charged materials 


(The figures in brackets indicate isoelectric points of the materials.) 


Floccula- 
tion 


Fx 


Mixture 


or 


Globulin (susp.) (6-0) + clupein 
(sol.) (12-1) 


Globulin (susp.) (6-0) + NA (sol.) 


Sr Crcr Cr 


TMV prot. (susp.) (5-0) + clupein 
(sol.) (12-1) 
TMV prot. (susp.) (5-0) + NA (sol.) 


Oe See: 


Cror or 


Floccula- 


Mixture pH tion 


Globin (susp.) (7-5) + clupein 5-0 
(sol.) (12-1) 9-5 
Globin (susp.) (7-5) + NA (sol.) 5-0 
9-5 

TMV prot. (susp.) (5-0) + globin 3-5 
(susp.) (7-5) 6-0 
9-5 


TMV prot., heat-coagulated protein component of tobacco mosaic virus; NA, yeast nucleic acid; (susp.), suspension of 
a heat-coagulated protein; (sol.), solution. 
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because clupein sulphate becomes opalescent and 
precipitates. The following buffer solutions were 
used: pH 2-0-4-9, Sorensen’s citrate-HCl; pH 5-0- 
6-6, Sorensen’s citrate-NaOH; pH 6-8—9-2, boric 
acid-borax; pH 9-2-11-0, borax-Na,CO,. When 
testing clupein at pH 6-0 or higher, the fluids con- 
tained m/50 NaCl and the pH values were adjusted 
by adding NaOH and measured with a glass 
electrode. 

The mixtures usually contained about 0-5% of 
suspended materials and 0-05—0-1 % solutions of the 
materials to be tested for combination with them. 
Albumin was used at 0-05 %, ribonuclease at 0-07 % 
and clupein and nucleic acid at 0-1%. After mixing, 
the fluids were centrifuged for 5 min. at 8000 r.p.m., 
and the amount of the material under test was 
measured in the supernatant fluids and/or in the 
sediments. 

The tested materials combined with the suspen- 
sions of heat-coagulated proteins rapidly, so that 
there was no appreciable difference in the results 
whether the mixtures were centrifuged immediately 
after having been mixed, or whether they were 
centrifuged after standing for lhr. at room 
temperature. On the other hand, adsorption by 
charcoal proceeded mecre slowly; it was usually 
nearly complete after 20 min. at room temperature 
with occasional stirring of the fluids; in all the tests 
for adsorption by charcoal, therefore, the mixtures 
were centrifuged after a standard period of 20 min. 

The amounts of horse-serum albumin or of 
clupein that combined with the suspended materials 
were determined by estimating nitrogen in the 
supernatant fluids, and those of the nucleic aeid by 
estimating phosphorus. (In control experiments, 
where the suspensions were centrifuged alone, no 
nitrogen or phosphorus was present in the super- 
natant fluids.) Ribonuclease was estimated by 
measuring its enzymic activity. This was done both 
with the supernatant fluids and the sediments. The 
sediments were suspended in volumes of water 
equal to those of the fluids from which they were 
centrifuged. Before testing, both the supernatant 
fluids and suspended sediments were diluted at 
least 1/50 in 0-2M-solutions of boric acid-borax 
buffer at pH 6-8 for tests of enzymic activity. At 
such dilutions there was no detectable interference 
with enzymic activity of ribonuclease by the other 
constituents of the sediments. 

The results of the experiments are shown graphic- 
ally by continuous lines in Fig. 1. It can be seen 


that suspensions of all three heat-coagulated 
proteins combined with the nucleic acid, but only at 
pH values on the acid side of their isoelectric points, 
i.e. when their particles carried an electric charge 
opposite to that carried by the nucleic acid. 

All three protein suspensions combined with 
clupein, but only at pH values on the alkaline side 
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of their isoelectric points, i.e. again only when they 
were charged oppositely from clupein. 

Similarly, heat-coagulated suspensions of glo- 
bulin and of the protein from tobacco mosaic virus 
combined with ribonuclease only on the alkaline 
side of their isoelectric points. Maximum combina- 
tion occurred at a pH value between the isoelectric 
point of the heat-coagulated protein and that of 
ribonuclease. There was still considerable combina- 
tion at the isoelectric point of ribonuclease (pH 
7-8), i.e. when the protein suspensions were charged 
negatively and ribonuclease carried no net charge. 
There was also some combination above the iso- 
electric point of ribonuclease, although the amount 
combined decreased rapidly as the pH increased. 
This can be explained as a result of attraction 
between negatively charged protein suspensions 
and ribonuclease which carries no net charge, as in 
the vicinity of the isoelectric point of ribonuclease 
some molecules carry no net charge and the pro- 
portion of such molecules decreases rapidly as the 
PH is shifted away from the isoelectric point. 

Suspensions of heat-coagulated globin did not 
combine with ribonuclease to any detectable extent 
at any pH value. This can be explained by the close 
proximity of their isoelectric points, so that there is 
no pH value at which electrostatic forces exist to 
cause combination. 

No combination between serum albumin and any 
of the three heat-coagulated proteins could be 
detected at any pH value. Absence of sufficiently 
strong electrostatic forces of attraction could 
explain lack of combination of albumin with the 
suspensions of globulin and of protein of the virus, 
for their isoelectric points are near that of the 
albumin. On the other hand, no such explanation 
could be offered to account for lack of combination 
between aibumin and the suspensions of heat- 
coagulated globin, for their isoelectric points differ 
considerably. 

None of the three heat-coagulated proteins, when 
used as isoelectric suspensions, combined to any 
appreciable extent with any of the tested materials. 
An isoelectric suspension of native tobacco mosaic 
virus (in M/50 buffer solution at pH 3-3) was tested 
similarly for combination with solutions of nucleic 
acid, clupein, globin, and ribonuclease, and no 
combination was detected. 

Combinations of the suspensions of heat- 
coagulated proteins with solutions of other proteins 
or of nucleic acid can be split to a considerable 
extent, though not entirely, by 0-3m-NaCl. This can 
be seen from the results of an experiment given in 
Table 7. 

The effect of pH and of the presence of 0-3m-NaCl 
on adsorption of yeast nucleic acid, ribonuclease, 
clupein and serum albumin by charcoal are shown 
in Fig. 1. Adsorption in the presence of 0-3M-NaCl 


Combinations with 
suspensions of heat- 
coagulated globin 


Combinations with 
suspensions of heat- 
coagulated protein 
component of to- 
bacco mosaic virus 


Combinations with 
suspensions of heat- 
coagulated globulin 
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Fig. 1. The effect of pH on the combination of yeast nucleic acid, ribonuclease, clupein and horse-serum albumin in 
solution with suspensions of heat-coagulated proteins and of charcoal. e Yeast nucleic acid. o Ribonuclease. 
x Clupein. 4 Horse-serum albumin. —— No NaCl added. - - - - 0-3m-NaCl added. Perpendicular broken lines 
show probable limits of the isoelectric points of the heat-coagulated protein suspensions. 
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Contents of the mixtures/ml. 
rn a ere 
lst component: 
Suspension of heat 
denatured protein 


protein of TMV 






2nd component: 
Solution of 


0-5 mg. RNase 





o mg. 





5 mg. globulin 0-5 mg. RNase 






protein of TMV 1-0 mg. clupein 


5 mg. 









5 mg. globulin 1-0 mg. clupein 
5 mg. globin 1-0 mg. clupein 
5 mg. protein of TMV 0-5 mg. NA 
5 mg. globulin 0-5 mg. NA 
5 mg. globin 0-5 mg. NA 









is shown by broken lines and in the presence of m/50 
buffer solutions alone by continuous lines. All the 
materials were adsorbed at all pH values tested, 
although the amount of adsorption depended on the 
pH. Adsorption of negatively charged materials 
decreased with the increasing pH, whereas the 
reverse was true for positively charged materials. 
Serum albumin and ribonuclease were absorbed 
most at, or near, their isoelectric points. These 
results agree with those of Abderhalden & Fodor 
(1920), who studied the effect of pH on adsorption 
of a yeast protein by charcoal. It seems, therefore, 
that the sign of the electric charge of a given 
material does not influence its adsorption by 
charcoal. The presence of electric charge, however, 
irrespective of its sign, interferes with the adsorp- 
tion, which decreases with increasing charge. 

The presence of 0-3mM-NaCl lessens the dependence 
of adsorption on the pH. In the pH ranges where 
adsorption was well below the maximum, the 
presence of NaCl increased adsorption. On the 
other hand, in the pH ranges of maximum adsorp- 
tion, the presence of NaCl either increased adsorp- 
tion only slightly, or sometimes caused a slight 
decrease. The effect of pH and of salts on adsorption 
of proteins by charcoal is similar to that found 
by Hitchcock (1925) and Dow (1935-6) for adsorp- 
tion of gelatin and egg albumin by collodion 
membranes. 
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Table 7. The effect of NaCl on combination of heat-coagulated protein suspensions with ribonuclease, 
clupein and yeast nucleic acid 


(The suspensions were sedimented from the mixtures by centrifugation for 5 min. at 8000 r.p.m., and the amounts of the 
other components, which remained in the supernatant fluids were estimated.) 


TMV, tobacco mosaic virus; RNase, ribonuclease; NA, yeast nucleic acid. 
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Percentage 

of the 2nd 

component 
combined with 
the suspension 


pH of the Added 1/10th of the Ist 
mixtures vol. of component 
7-0 Water 83 
7-0 20% NaCl 3 
7-0 Water 96 
7-0 20% NaCl 12 
8-0 | Water 61 
8-0 20% NaC! 43 
8-0 Water 36 
8-0 20% NaCl 21 
10-0 Water 64 
10-0 20% NaCl 50 
3-4 Water 38 
3-4 20% NaCl 3 
3-4 Water 38 
3-4 20% NaCl 3 
3-4 Water 50 
3-4 20% NaCl 3 


DISCUSSION 


The results described in this paper show that 
combination between proteins, or between proteins 
and nucleic acid, is a fairly general phenomenon and 
can be expected whenever two are mixed at pH 
values at which they are oppositely charged. 
Widely differing isoelectric points are not essential 
and combination was demonstrated between pro- 
teins both of which have isoelectric points on the 
same side of neutrality. 

These combinations are often evident from pre- 
cipitation of the compounds formed. The formation 
of precipitates is probably a result of mutual 
discharge, as are fiocculations in mixtures of oil- 
water emulsions with oppositely charged protein 
solutions (Elkes, Frazer, Schulman & Stewart, 
1945) or in mixtures of oppositely charged inorganic 
colloids (Hazel & McQueen, 1933; Hazel, 1938). 

Some pairs of proteins, however, do not precipi- 
tate each other in the conditions defined. Whether 
this is because such proteins fail to combine, or 
because they combine to form soluble compounds is 
unknown, but evidence that soluble compounds can 
sometimes be formed has been provided by electro- 
phoretice studies on proteins of egg white (Longs- 
worth, Cannan & MacInnes, 1940). 

The precipitates formed between different pro- 
teins or between proteins and nucleic acid can 
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usually be dissolved by adding NaCl. The solution 
of compounds formed between tobacco mosaic 
virus and a number of proteins is accompanied by 
the splitting of the compounds into the original 
components. The addition of NaCl also splits 
compounds formed between nucleic acid and prot- 
amines or histone (Mirsky, 1943; Bang, 1904). 
A possible explanation of this is that anions and 
cations of NaCl substitute negatively and positively 
charged components, respectively, in the salt-like 
compounds. 

Lack of precipitation at pH values at which 
components of mixtures carry electric charges of 
like sign may be due either to their failure to com- 
bine or to formation of soluble compounds. For 
some mixtures it was possible to show that there is 
no combination. For example, tobacco mosaic 
virus did not combine to any appreciable extent 
with globin at pH 9-0. Similarly, Longsworth & 
MacInnes (1941-2) gave electrophoretic evidence 
that ovalbumin did not combine with yeast nucleic 
acid and salmine outside pH ranges at which pre- 
cipitation occurred, except for very short pH 
ranges around the isoelectric point of the albumin. 
Components of some mixtures, however, seem to be 
able to combine to some extent even at pH values 
at which they carry electric charges of like sign. 
For example, Stenhagen & Teorell (1939) found 
electrophoretic evidence of combination between 
thymonucleic acid and human serum albumin at 
pH values on the alkaline side of the isoelectric 
point of the albumin. 

Suspensions of heat coagulated proteins behave 
in much the same way as protein solutions in that 
they can combine and flocculate with solutions of 
some oppositely charged proteins or nucleic acid, 
and the combinations can be split by NaCl. Also 
two oppositely charged protein suspensions can 
flocculate each other. However, suspensions of 
some heat coagulated proteins can behave differ- 
ently from solutions of the same proteins. For 
example, no combination could be detected between 
suspensions of heat-coagulated globin and solutions 
of serum albumin at any pH value, whereas globin 
combined and precipitated with serum albumin 
when solutions of the two were mixed at pH values 
between their isoelectric points. The presence of 
opposite electric charges is not always sufficient to 
cause combination between a protein suspension 
and a solution of another protein. 

Adsorption of solutions of proteins and nucleic 
acid by charcoal seems to depend on a mechanism 
different from that which operates when solutions 
of these materials combine with suspensions of heat- 
coagulated proteins. Whereas the former is not 
influenced by the sign of electric charges, the latter 
seems to be conditioned by it. The proportion of the 
material adsorbed by charcoal decreases with the 


increasing charge of the material, irrespective of the 
sign of the charge. Mutual repulsion of similarly 
charged molecules seems to interfere with their 
accumulation on the surface of charcoal. The effect 
of NaCl, when it causes an increase in the proportion 
of adsorbed protein or nucleic acid, may be due toa 
virtual decrease in the net charge of these materials, 
It is known that the presence of salts decreases 
electrophoretic mobility of proteins, and this is 
attributed to crowding of ions of opposite charge 
around protein molecules (Abramson, Moyer & 
Gorin, 1942). 

It might be expected that combination between 
tobacco mosaic virus and ribonuclease would differ 
from that between the enzyme and other proteins 
or between the virus and other proteins, as the 
virus contains nucleic acid hydrolyzable by the 
enzyme. However, no essential difference was found 
between combinations of the virus with the enzyme 
and those of the virus with other prcteins or of 
ribonuclease with other proteins. Mixtures of the 
virus with ribonuclease precipitated at pH values 
between the isoelectric points of the two, in the 
same manner as did mixtures of the virus with 
globulin, globin or clupein, or mixtures of ribo- 
nuclease with globulin. Isoelectric suspensions of 
the virus did not combine with ribonuclease or with 
other proteins. Some ribonuclease combined with 
the virus at pH 9-0, i.e. on the alkaline side of the 
isoelectric points of both materials, but a similar 
proportion of the enzyme could combine at this pH 
with suspensions of heat coagulated protein com- 
ponent of the virus and of heat-coagulated serum 
globulin. As pH 9-0 is not far removed from the 
isoelectric point of the enzyme, this result can be 
explained by the attraction of some virtually un- 
charged molecules of the enzyme by strongly 
charged particles of the virus or of the protein 
suspensions. 

The virus nucleic acid in native tobacco mosaic 
virus is not hydrolyzed by ribonuclease until it is 
separated from the protein moiety of the virus 
(Loring, 1942). Similarly, the protein of the native 
virus is not susceptible to proteolytic activity of 
pepsin until heat denatured. Specific affinity could 
be demonstrated between heat-denatured virus 
protein and pepsin, but not between native virus 
and pepsin (Kleczkowski, 1944). By analogy, it 
seems possible that there is a specific affinity 
between ribonuclease and the free virus nuclei¢ 
acid, though there is not between the enzyme and 
the intact virus. This possibility has not been tested 
experimentally. The only fact which could be 
interpreted as evidence for some specific affinity 
between tobacco mosaic virus and ribonuclease is 
that the enzyme inhibits infectivity of the virus 
much more efficiently than do globin or clupeit. 
The effect of pH and of NaCl on the inhibition 
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caused by each of the three materials seems to 
indicate that their combination with the virus 
contributes to the inhibition, although it is possible 
that there are additional mechanisms involved in 
the process. Whenever combination of any one of 
the three materials with the virus had been split or 
prevented, either by adding NaCl or by adjusting 
the pH suitably, the inhibition was correspondingly 
reduced. 


SUMMARY 


1. Combinations of tobacco mosaic virus with 
proteins having different isoelectric points and with 
yeast nucleic acid were studied. Combinations of 
some of these proteins (ribonuclease, globin, 
clupein, serum albumin and serum globulin) with 
each other and with the nucleic acid were tested for 
comparison with the virus. 

2. When solutions of some pairs of these materials 
were mixed at pH values at which they were 
oppositely charged they precipitated each other; 
most of the precipitates could be dissolved by adding 
NaCl. The behaviour of tobacco mosaic virus did 
not differ from that of other proteins. The addition 
of 0-3m-NaCl to mixtures of tobacco mosaic virus 
with clupein, globin and ribonuclease separated 
20-90 % of the materials previously combined. 

3. Suspensions of heat-coagulated proteins 
behaved similarly to protein solutions; they could 
be flocculated by solutions of oppositely charged 
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nucleic acid or clupein; some oppositely charged 
suspensions also flocculated one another. At pH 
values remote from their isoelectric points sus- 
pensions combined with solutions of other proteins 
or of nucleic acid if their charges and those of the 
suspensions were of opposite sign; these combina- 
tions could be split to varying extent by adding 
0-3m-NaCl. There are also indications that electric- 
ally charged suspensions can attract protein 
molecules carrying no net charge. 

4. The inhibiting effects of ribonuclease, globin 
and clupein on the infectivity of tobacco mosaic 
virus at pH 6-0 was diminished by 0-3m-NaCl. 
Changing the pH from 6-0 to 9-0 reduced the in- 
hibiting effects of ribonuclease and globin, but it 
did not influence the effect of clupein; it also 
considerably reduced the amount of ribonuclease or 
globin combined with the virus, but had no effect 
on its combination with clupein. 

5. No evidence was found of any specific 
affinity responsible for the combination of tobacco 
mosaic virus and ribonuclease, apart from the fact 
that the enzyme inhibited infectivity of the virus 
much more strongly than did other tested pro- 
teins, which were capable of combining with the 
virus. 

6. Unlike the combination of nucleic acid and 
proteins with other proteins, the mechanism of 
adsorption by charcoal is not conditioned by the 
sign of their electric charge. 
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The Determination and Isolation of the Organic Acids in Fruit 
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A new method has been evolved which will separate 
quantitatively many of the acids commonly found 
in fruit and if necessary can be readily modified so 
as to allow the constituent acids to be isolated in a 
relatively pure state and identified. The essential 
steps in the procedure are the extraction of the 
acids from an acidified extract of fruit by 50% 
(v/v) n-butanol-chloroform, the preparation of a 
concentrated solution of the acids in 50% (v/v) 
tert-amyl] alcohol-chloroform and their final separa- 
tion and analysis using a modified partition chrom- 
atogram. In each of these steps a column procedure 
has been used on account of its convenience, mild 
treatment of the organic acids concerned, and the 
ease with which the acids can be handled quanti- 
tatively. It is necessary to concentrate the dilute 
solution of the acids to at least 5-10 mg./ml. so 
that the separation of the acids on the chromato- 
gram will be sharp. The addition of an equivalent 
amount of the acids in dilute solution gives un- 
satisfactory separations. 

In the present study the partition chromatogram 
used is a very much modified version of that devised 
by Martin & Synge (1941), the most noteworthy 
change being the replacement of the aqueous 
solution of indicator by 0-5N-H,SO,. The bands are 
then revealed by continuously feeding a small 
amount of an aqueous solution of an indicator into 
the solvent emerging from the bottom of the 
column. 0-5N-H,SO, is used instead of water in 
order to depress the ionization of acids such as 
oxalic and fumaric which would otherwise give very 
wide bands owing to the rapid increase in the 
partition coefficient with dilution. 


EXPERIMENTAL 


Reagents 


Preparation of silica gel. Silica gel prepared from water 
glass by the method of Gordon, Martin & Synge (1943) has 
proved to be unsuitable as a supporting medium for the 
aqueous phase of the chromatogram because of its adsorptive 
properties, e.g. in the case of oxalic acid the adsorbed acid is 
held so firmly that it cannot be extracted from the column 
even if a large volume of solvent is used. Very pure silica 
gel (Kargin & Rabinovitch, 1935) shows similar properties 
which suggests that the adsorption is connected with the 
structure of the gel and not with the presence of impurities. 





| Th 


The method described in the present paper for the 
preparation of a non-adsorbent gel is based upon the fact) 
that treatment with 10N-HCl at room temperature for| 
about a day eliminates the ability to adsorb organic acids, 
The actual procedure consists of three operations. 

(1) Silica gel substantially free from AF™ and Fel! js) 
prepared from water glass by precipitation with 10N-HC. 
A large excess of HCl is used and the gel thoroughly washed 
with 10 N-HC\ in order to remove all but traces of Al! and 
Fel, Analysis of a dry gel indicated that 0-004 and 
0-0002 % of Al and Fe respectively remained. 

(2) The dry gel is allowed to stand for at least 2 weeks. 
This is necessary because many freshly prepared gels, 
while showing no adsorptive properties at first, rapidly 
change in the course of a few days to give gels which show 
pronounced adsorptive properties. After 2-3 weeks the gels, 
seem to be quite stable. Fe 

(3) The ‘aged’ gel is then treated with 10N-HCI at room| 


































temperature. | 
This method has been applied to water glass from three) _.) 
different manufacturers (three samples from Messrs Jos.) 4), 
Crosfield, four from Messrs Boots Chemists, and two from 
Messrs Timothy Whites; the samples were purchased over’) 4 , 
period of 3 years) with successful results in every case. th 
A sample of the HCl-treated, ‘aged’ gel has been supplied wi 

to Dr G. R. Tristram, Biochemical Laboratory, Cambridge} \) 
who has used it for the separation of acetyl-amino acid... 
(Martin & Synge, 1941). He has obtained satisfactory ap 
separations and quantitative recoveries and will refer to it 
in a forthcoming paper. a 
6 lb. of commercial water glass is diluted with twice its} _ 
volume of warm distilled water, and is then filtered twice jui 
through a hardened filter paper (Whatman No. 50) toremove} ; , 
a small quantity of dark coloured suspended matter. The a 
filtered solution should be absolutely clear and colourless. up 
A little methyl orange (M.o.) is added. 10N-HCl is then th 
added in a thin stream with vigorous stirring, addition} .) 
being interrupted at intervals and stirring continued to} 
obtain efficient mixing. The solution changes at first slowly, i 
and then rapidly to a thick porridge and all but the smallest} ,,, 
lumps are broken up by stirring. When the mixture is acid, tio 
a further 200-300 ml. of 10N-HCl are added and the mixture J 
very vigorously stirred. It is allowed to stand for several ies 
hours and then filtered on a Buchner funnel using 4 the 
hardened paper (Whatman No. 541). The filtrate containsa} 
considerable amount of Fe!!! and Al!!, When the residue} ¢,, 
has been sucked as dry as possible, it is suspended in 51. off , q 
10N-HCI and allowed to stand overnight at room tempera- | 4;, 
ture. It is again filtered. The gel is then washed with 101. po 
of 5N-HCl without allowing the precipitate to crack. The wil 
filtrate should then be free from Fe*!!, The gel is washed } 
with 20 1. of distilled water or until the filtrate is free from} ..) 
chlorides (the M.o. at this point almost ceases to colour the re 
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filtrate), then with 101. of absolute ethanol and finally with 
51. of dry ether. The powder is dried in a current of warm 
air. After the gel has stood for at least two weeks, it is 
suspended in 71. ef 10N-HCl and allowed to stand over- 
night. It is then filtered and washed with 101. of 5n-HCl, 
distilled water, absolute ethanol and finally with dry ether. 
The absolute ethanol contains 1% (w/w) of 10N-H,SO,. 
The last traces of ether are removed by drying in vacuo 
over P,O;. Yield about 800 g. 

The dry gel can be stored in a closed vessel for long 
periods without deterioration. It is quite suitable without 
further treatment for the extraction of organic acids from 
fruit, and for use in the chromatogram. After drying over P,O; 
the gelshould be able to adsorbits own weight of 0-5N-H,SO, 
and still appear superficially dry. If this is not the case, the 


| gel must be dried for a further period in vacuo over P,O;. 


Preparation of indicator solution. The indicator chosen 
must have a pK which is at least one unit above the pH of a 
dilute solution of the sodium salt of the weakest acid. This 
is essential in order that the colour changes shall be sharp 
when the concentration of acid is still low. Assuming that 
the acid has a dissociation constant of 10-* and that the 
sodium salt of the indicator has been just decomposed, then 
the pH of a dilute (indicator used is 0-0004m) solution of its 
sodium salt is about 8-5. The pK of the indicator should 
therefore be 9-5, Three indicators were tried which had a pK 
about this value—thymol blue (8-9), phenolphthalein (9-7) 
and thymolphthalein (9-2). Of these thymol blue was the 
best because the colour change was very sharp and easy to 
observe. In practice the solution of indicator is rendered 
more alkaline than is necessary to convert it to its sodium 
salt, the excess alkali being used to neutralize the acidity of 


| the organic phase emerging from the column. 


0-02 g. of thymol blue is ground in an agate mortar with 
2ml. of 0-1N-NaOH until it has dissolved. The solution is 
then diluted to 100 ml. with CO,-free water and filtered 
(Whatman No. 41) to remove any small insoluble particles 
which might clog the capillary outlet of the indicator 
reservoir B (see Fig. 1). The indicator in this solution is 
approximately 0-0004m. 

Solvent. The 50% (v/v) n-butanol-chloroform used for the 
extraction of the acids was equilibrated before use against a 
solution similar in composition to that of the acidified fruit 
juice, e.g. in the case of apples the solvent was shaken with 
a solution containing 35 g. glucose, 200 ml. 0-2N-H,SO,, 
and sufficient N-NaOH so that when the volume was made 
up to 500 ml., the pH was 2-0. The solvent was then run 
through a small column (2g. of silica gel+2 ml. of the 
solution) to free it from suspended drops of solution. 

The 50% (v/v) tert-amyl alcohol-chloroform was equili- 
brated against M-Na,SO,. Tert-amyl alcohol-chloroform 
was used for the final extract in order to avoid the esterifica- 
tion which occurs when acids such as oxalic are dissolved in 
mixtures of n-butanol-chloroform and left for more than a 
few hours. The ester appears as a fast moving band ahead of 
the main band. 

The mixtures of n-butanol-chloroform (5-35 % v/v) used 
for the development of the partition chromatogram were 
equilibrated against 0-5N-H,SO,. The maximum concentra- 
tion has been fixed at 35% because with this solvent it is 
possible quantitatively to separate malic and citric acids 
within a reasonable time (2 hr.). The volume of solvent 
required is less than 200 ml. and the acid blank of the 
solvent very small. The other concentrations 20, 10 and 5% 
have been chosen arbitrarily. 
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Description of partition chromatogram 


This is best appreciated by reference to Fig. 1. A is a 
glass tube (int. diam, 1-3 em., length 25 cm.) furnished with 
a perforated porcelain dise near the bottom resting on three 
indentations in the wall of the tube. On this disc is placed a 
single layer of filter paper (Whatman No. 541) cut very 
slightly larger than the internal cross section of the tube. 


cm. 





Fig. 1. Diagram of the arrangement of the chromato- 
graphic apparatus. A, the tube containing mixture of 
silica, 0-5N-H,SO, and solvent; B, the reservoir of 
indicator solution; C, the capillary outlet from B; D, the 
tap which controls flow of indicator (also shown in more 
detail D,); EZ and F, a device for mixing indicator and 
solvent. 


The lower end of the tube is ground obliquely so that the 
solvent passing down the tube will drip in a uniform manner 
from one place. B is a separating funnel (500 ml.) containing 
the solution of indicator. The top is closed with a bung and a 
soda-lime tube to prevent the solution inside absorbing CO,. 
The lower part of the stem of B is bent so as to make an 
angle of about 105° with the upper part, and is then drawn 
out into a capillary (2-3 mm. diam.). Attached to this 
capillary by means of a piece of rubber tubing (as supplied 
for bicycle tyre valves) is a finer capillary C. This is about 
5 em. long. The exact length and diameter is adjusted to 
give a rate of flow from B when the tap D is fully open of 
about 0-2 ml./min. The final adjustment of the rate of flow 
is obtained by manipulating the tap D. To facilitate this 
adjustment, the plug of the tap has two very fine file cuts 
leading from opposite ends of the hole to about half way 
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round the plug. One of these file cuts is shown at D,, the 
other, of course, is hidden but runs upwards from the other 
end of the hole. When the tap D is closed so as just to block 
the main hole, these file cuts create a capillary through 
which the solution of indicator must pass. The length of this 
capillary can be varied by turning the tap (through about 
90°) and it is an easy matter to adjust the flow to any 
required amount (within the range 0-2—0-02 ml./min.). The 
central portion of the tap is not lubricated in order to avoid 
blocking the file cut with grease. The apparatus is so 
arranged that the tip of the capillary C is about 3 cm. 
immediately below the point on the glass tube A from which 
the solvent drips. The mixture of solvent and indicator is 
collected by a small filter funnel Z, the stem of which is 
drawn out into a coarse capillary (5-6 cm. long). The main 
function of E is to ensure the intimate contact of the two 
liquids. This is achieved partly by the impact of the drop 
of solvent as it falls on the indicator at the tip of C and 
partly by the turbulent passage of the two liquids down the 
capillary as a series of very small drops which mix again at 
the lower end before falling into the upper end of F. F is an 
inclined glass tube (int. diam. 6 mm., length 7 cm.) the 
upper end of which has been enlarged into a small basin. 
The colour of the mixture flowing down the tube is observed 
against a white background, particular attention being 
paid to the drop which forms at the end of the tube. It is 
essential to have good lighting, and a 80W. fluorescent 
lamp has proved very satisfactory when bright daylight is 
not available. 


Extraction of acids from fruit 


All pH measurements were made at 20°+ 1° with a glass 
electrode and calomel half cell, using a Cambridge Instru- 
ment Co. valve potentiometer. 

The solvents and chemicals used were the purest which 
could be purchased commercially. 

Procedure. This method is described in terms of apples 
but has been applied successfully to gooseberries, straw- 
berries, and rhubarb without modification. 

Before analysis the apples are frozen at — 20° and then 
ground to a flour which is stored at — 20° in a closed vessel 
until required. 

50 g. of the well mixed apple flour are mixed thoroughly 
with 20 ml. of 0-2N-H,SO, and the whole allowed to thaw. 
Stirring is continued until the mixture has completely 
thawed out; the pH should be 2-0+0-2. A preliminary trial 
with a small sample is useful to determine the right amount 
of acid to add. The mixture is then centrifuged, and the 
clear supernatant fluid decanted and filtered if necessary 
through a dry filter paper (Whatman No. 541) from any 
floating particles of cell wall. 

10 g. of this extract which should contain organic acids 
equivalent to 10-20 ml. 0-1N-NaOH, are added to 12 g. of 
silica gel and the mixture thoroughly stirred and well 
worked by pressing small portions against the side of the 
beaker with the spatula. The preparation of the mixture of 
silica gel and aqueous phase in order to obtain a powder 
which is superficially dry and barely adheres to the sides of 
the beaker will be referred to subsequently as ‘thorough 
mixing’. To this powder is added about 50 ml. of 50% (v/v) 
n-butanol-chloroform, and the mixture of silica gel and 
solvent quantitatively transferred to a glass tube (diameter 
5-2 em., length 20 cm., similar to A, Fig. 1) and the filtrate 
collected. The filter paper resting on the porcelain plate at 
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the bottom is usually wetted beforehand with a little of the 
solvent and gently pressed down with a glass rod. The solvent 
emerging at the bottom of the tube should be clear and free 
from any traces of silica gel. The column is allowed to run 
dry and then the tube filled up with solvent. 350-400 ml. of 
filtrate are collected. A further 50 ml. are collected 
separately and titrated with 0-1N-NaOH to pH 9-4, about 
0-2 ml. being required if the extraction is complete. The 
main bulk of the filtrate is then titrated with 0-1 N-NaOH to 
pH 9-4 and allowed to stand for 0-5 hr. The lower solvent 
layer is separated and washed twice with 10-15 ml. of 
water. The combined aqueous layers are concentrated in 
vacuo to about 2 ml. at a bath temperature not exceeding 
35°, and then quantitatively transferred to a small beaker, 
and dried in vacuo over P,O;. To the residue in the beaker is 
added the calculated amount of 2N-H,SO, necessary to 
liberate the organic acids present as the sodium salts. The 
volume of liquid should be between 0-7 and 1-0 ml. which 
just ensures that all the residue can be thoroughly wetted 
and dissolved. When the residue has dissolved save for a 
small amount of flocculent material, 1-0 g. of silica gel is 
added and the whole ‘thoroughly mixed’. To this powder is 
added about 10 ml. of 50% (v/v) tert-amyl alcohol-chloro- 
form and the mixture quantitatively transferred to a glass 
tube (diameter 1-3 cm., length 25 cm., similar to A, Fig. 1) 
and the filtrate collected. The procedure thereafter is the 
same as that described for the extraction with 50% (v/v) 
n-butanol-chloroform except that special care is taken to 
transfer all the particles of silica gel to the column by using 
some of the filtrate. Finally the beaker is rinsed with 5 ml. 


of solvent which is transferred to the tube when the top of | 
the column of silica gel is dry. As soon as this solvent has | 
been absorbed, more is added until the tube is full. 30 ml. of | 


the filtrate are collected (the extraction takes about 2 hr.) 
and the completeness of the extraction checked by collecting 
a further 5 ml. and titrating with 0-1N-NaOH to pH 8-4. 
Less than 0-1 ml. is required when no organic acids are 
present. 

To calculate the amount of acid present in the fresh fruit, 
the figure obtained for the acid in the tert-amy] alcohol- 
chloroform extract is multiplied by 


50+20-dry weight of the cell wall insoluble in water in g. 
10 


The acid is assumed to be wholly present in solution in the 
fruit juice, the weight of which in the present instance has 
been taken as the fresh weight of the fruit, minus the weight 
of the cell wall insoluble in water. 

Control experiments on the extraction procedure. Deter- 
minations of the l-malic acid present in the same batch of 
frozen apple flour were in excellent agreement with each 
other, e.g. the amounts found in the case of a sample of 
Bramley’s Seedling apples which had been stored at +7 
for 5-6 months were 1-20, 1-21, 1-21% of the fresh weight. 
Estimations of acetic and citric acids added to mixtures of 
frozen apple flour and 0-2N-H,SO, were in satisfactory 
agreement with the amounts known to be present. In one 
experiment when 30 mg. of each acid was added (0-06 % on 
fresh weight of fruit) the analysis indicated that 28-8 mg. of 
acetic and 29-4 mg. of citric acid were present. In a second 
experiment when 600 mg. of each acid was added (1-2%) the 
analysis indicated that 588 mg. of acetic and 594 mg. of 
citric acid were present. These acids were chosen as typical 
of a volatile and a non-volatile acid respectively, and in 
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addition were known to be absent from this particular 
apple flour. In a later paper it is hoped to give the results of 
experiments in which acids such as cis-aconitic, isocitric and 
oxalo-acetic are used. 


Separation and analysis of the mixture of 
acids using the partition chromatogram 


Procedure. To 3-0 ml. of 0-5N-H,SO, in a small beaker is 
added 3-0 g. of silica gel and the whole ‘thoroughly mixed’. 
The powder is then gently brushed through a brass gauze 
sieve (90 mesh). The sieved powder is returned to the beaker 
and about 20 ml. of the appropriate strength of n-butanol- 
chloroform (10-35% v/v) is then added. The slurry of 
silica gel and solvent is poured into the glass tube A (Fig. 1) 
and the column allowed to pack down until the top surface 
is dry and until the solvent has ceased to drip from the 


. bottom. During the last stage when the top surface is dry 


but solvent is still dripping from the bottom the column 
shrinks 3-4 mm. on a length of 8 cm., and leaves a ring of 
silica gel, 2-4 mm. above the top of the column. This ring is 
carefully removed without disturbing the top surface of the 
column by wiping the glass with a piece of cotton wool 
twisted round the end of a glass rod. The indicator solution 
from B is adjusted to about 0-1 ml./min. (in the case of 
35% v/v n-butanol-chloroform) and a measuring cylinder 
placed under the lower end of F. 2 ml. of the solution of 
acids from the apple tissue in 50% (v/v) tert-amyl alcohol- 
chloroform is added from a pipette dropwise to the top of 
the column so as not to disturb the silica gel. When this 
solution has drained into the gel 1 ml. of the appropriate 
strength of the developing solvent (n-butanol-chloroform) 
is added very carefully so as to wash any traces of the 
solution on the walls of the tube into the gel. This is allowed 
to drain into the gel and the process repeated twice. The 
glass tube is then filled up to the top with the solvent, and 
more solvent added as required to keep the tube full. The 
rate at which solvent emerges from the column should be 
about 1 ml./min. The colour of the mixture of indicator and 
solvent flowing down the tube F is closely observed. The 
volume of indicator should be 4-5 of the corresponding 
volume of solvent in the case of 35% (v/v) n-butanol- 
chloroform and if very different should be adjusted to this 
ratio. The mixture of solvent and indicator is blue when no 
organic acid is present, the alkali in the indicator just 
neutralizing the slight acidity of the solvent. When an 
organic acid commences to wash out of the column, the 
colour sharply changes to green and then to yellow, the 
solvent becoming a distinct pink. If only a trace of organic 
acid is present the drop of solvent becomes pink even 
though the colour of the aqueous phase remains substanti- 
ally blue. At the point when the colour is still green-blue 
the receiver is changed. When all the organic acid has been 
washed out the reverse colour change occurs, and the 
receiver is changed as soon as the colour is blue. The 
volumes of solvent and indicator in the receiver containing 
the organic acid are recorded. The whole procedure is 
repeated each time an organic acid is washed out of the 
column, and the mixture of acids originally added to the 
top of the column is resolved into a series of sharply defined 
fractions. These are titrated with 0-01 N-Ba(OH), to pH 8-4 
after 20 ml. of CO,-free water have been added. The 
mixture of solvent, indicator and alkali is thoroughly 
mixed by blowing CO,-free air through the titration vessel. 
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At pH 8-4 most organic acids, e.g. citric, acetic, and 
succinic, are completely neutralized in the concentrations 
(0-005-0-0001 n) likely to result if 10 and 0-1 mg. quantities 
are passed through the partition chromatogram as described 
previously and titrated with 0-01 N-Ba(OH),. 

A small correction (approximately 2%) must be added to 
the observed titre because the mixture of solvent and 
indicator is slightly more alkaline than pH 8-4. This is 
evaluated by titrating under exactly the same conditions a 
known amount of the pure acid. 

The analysis of an unknown mixture of acids is best 
effected by using 35% (v/v) n-butanol-chloroform as the 
developing solvent. If the presence of acids coming through 
earlier than oxalic and malic is established then a second 
analysis is made, but in this case the column is developed 
first with 5% (v/v) n-butanol-chloroform if acetic and 
formic acids have to be separated and then after about 
100 ml. of solvent have passed through the column, changed 
over to 10% (v/v) n-butanol-chloroform, then to 20%, and 
eventually to 35%. 

Strength of acid in the aqueous phase of the column. To 
depress the ionization of such acids as oxalic and fumariec, it 
is e:sential to lower the pH of the aqueous phase as much as 
possible, though the amount of acid in the developing 
solvent must not be large enough to interfere with the 
accuracy of the final titration. The amount of acid present 
will depend upon the concentration and nature of the 
mineral acid and the composition of the solvent, the alkali 
titre being highest for 35 % (v/v) n-butanoi-chloroform. In 
Fig. 2, the amount of 0-01 N-Ba(OH), necessary to neutralize 
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Fig. 2. Variation in the amount of acid present in 35% 
(v/v) n-butanol-chloroform in contact with dilute 


aqueous solutions of: 1, H,SO,; 2, HCl; 3, HNO,; 
4, HCIO,; 5, H,PO,. 


(pH 8-4) 20 ml. of 35% (v/v) n-butanol-chloroform which 
had been equilibrated against a given concentration of acid 
has been plotted against the pH of the aqueous phase for a 
series of strong acids. The results indicate that H,SO, is the 
best acid to use. The concentration has been standardized 
as 0-5N which is equivalent to a pH of about 0-55. In 
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practice, the free mineral acid in the solvent is more than 
neutralized by the slight excess of alkali present in the 
indicator solution. 


RESULTS 


Separation and analysis of organic acids 
using the chromatogram 


Separation. The experimental data obtained with 
the standard chromatogram for many of the acids 
which occur in plants have been recorded in Fig. 3. 





80-0 
Ta 





pene St aoa | 


Fig. 3. Effect of varying the composition of the solvent 
used for development on the volume of solvent required 
to wash a number of common plant acids through a 
standard column. Upper line for each acid represents 
development with 10%, middle line 20%, and lower line 
35 % (v/v) n-butanol-chloroform respectively. The volume 
of solvent necessary when the acid has reached the 
bottom of the column is indicated by the length of the 
line. «, the partition coefficient, 

g. solute/ml. non-mobile phase 
g. solute/ml. mobile phase 


+ 15mg. ¢ 5-Omg. « 3-0 mg. 

The amount of acid added to the top of the column 
was usually 10 mg. Each acid is represented by a 
horizontal line, the beginning of the line indicating 
the point at which the indicator changed over to the 


acid colour, and the end, the change back to the 
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alkaline colour. The length gives the amount of 
solvent required to wash the acid out of the column, 
the abscissa representing the volume of solvent 
used to develop the column from the moment the 
acid was added at the top. The partition coefficient, 


_ g. solute/ml. of non-mobile phase 





g. solute/ml. of mobile phase 


at equilibrium, has been calculated using the 
formula derived by Martin & Synge (1941). In the 
present case, the movement of the position of the 
maximum concentration. of solute has been from the 
top of the column to the bottom. The simultaneous 
movement of the surface of the developing fluid has 
been calculated from the volume necessary to wash 
out half the band, i.e. volume measured to centre of 
horizontal line (Fig. 3), divided by the cross sectional 
area of the tube. The assumption that the centre 
of the horizontal line represents the position of 
maximum concentration is correct for the majority 
of the acids because the curve relating the con- 
centration at any one point with the volume of 
developing solvent is almost symmetrical. This is 
illustrated by Fig. 4 (1) which depicts the results 
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0-01 n-Ba(OH) 
to neutralize n-butanol-chloroform (ml.) 
a 


Volume of solvent collected; 2 ml. portions 


Fig. 4. Concentration of oxalic acid in the solvent emerging 
from the column. 10 mg. of oxalic acid was added to 
columns of (1) 3 g. of HCl-treated silica gel + 3-0 ml. 0-5 N- 
H,SO,. (2) 7g. of potato starch + 2-5 ml. 0-5n-H,SO,. 
(3) 3g. of silica gel prepared according to directions of 
Martin & Synge (1941) +3-0 ml. 0-5n-H,SO,. (4) 3g. 
of HCl-treated silica gel+3-0 ml. of water. (1) is the 
standard column recommended. 


obtained by titrating equal volumes of the solvent 
as it issued from the column when an oxalic acid 
band had just reached the bottom and was being 
washed out. The results are plotted as a histogram. 
Oxalic acid was chosen because it is the strongest of 
the fruit acids and very readily adsorbed by un- 
treated silica gel, circumstances which would be 
very likely to produce an unsymmetrical curve. 
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The effect of using untreated silica gel (3) or starch 
(2) in place of the HCl treated gel (1) and the effect 
of substituting water for the 0-5N-H,SO, normally 
used is also recorded. It is noticeable that both 
starch (Elsdon & Synge, 1944) and the HCl treated 
silica gel which do not adsorb oxalic acid, give 
almost symmetrical histograms. Untreated silica 
gel gives a noticeable tail as does the substitution of 
water for the 0-5N-H,SO,. 

From Fig. 3 one can determine at a glance 
whether a separation of two acids is practicable. 

Analysis of mixtures of acids. In Table 1 is 
recorded the analysis of various mixtures of acids. 
Special attention has been paid to the separation of 
malic acid and citric acid which follow each other 
closely (see Fig. 3). 


Table 1. Separation of mixtures of acids 


(First line gives acid added to top of column and second 
line amount recovered calculated from titration figure.) 


Fumaric Succinic Oxalic Malic Citric Tartaric 
Exp. (mg.) (mg.) (mg.) (mg.) (mg.) (mg.) 


1 3-0 10-0 ~ 10-0 10-0 10-0 10-0 
2-95 10-0 9-9 10-0 10-0 10-0 


2 — -— 10-0 1-0 — 
— aa 10-0 0-975 -- 

3 -- — — 1-0 10-0 _- 
- — — 0-97 10-0 — 

4 - — — 10-0 0-10 — 
- — a= 10-0 0-09 — 

5 - — — 0-10 10-0 —- 
~ — 0-11 10-1 — 

10% (v/v) n-butanol-chloroform used to separate 


fumariec and succinie acids. 35% (v/v) n-butanol-chloro- 
form for remainder. 


Isolation of acids 


When the band containing the acid is at the 
bottom of the column the indicator solution is 
stopped and then an appropriate volume of solvent 
collected. The volume necessary is usually deter- 
mined by a preliminary experiment. The acid, or if 
it is volatile its sodium salt, is obtained by evapora- 
tion of the solvent. 

In a small-scale experiment, 10 g. of frozen apple 
flour gave 95 mg. of l-malie acid. The silver salt 
contained Ag 61-8. Cale. for Ag,C,H,O;: Ag, 62-0 %. 
9-84 mg. of the free acid + 22-7 mg. (NH,)MoO, in 
7-2ml. H,O gave [«]7” + 560°. McKenzie & Plender- 
leith (1923) record [«]}"° = + 568° under similar con- 
ditions. The m.p. of the p-nitro-benzyl ester was 
124°, 

In a second experiment 100 mg. of acetic acid 
and 100 mg. of citric acid were added to 10g. of 
frozen apple flour, and the acids extracted and 
separated. 92 mg. of sodium acetate and 78 mg. of 
citric acid were obtained. Each acid was identified 
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as the p-bromo-phenylacy] ester, m.p. 85° and 148° 
respectively. 

In both experiments some acid, approximately 
30% of the total, remained behind with the in- 
soluble residue in the centrifuge tube. 


DISCUSSION 


The usual procedure for the extraction of the acids 
from fruit (Pucher, Wakeman & Vickery, 1941) is 
very drastic for it transforms the cis isomer of 
aconitic acid into the trans (Krebs & Eggleston, 
1944). An alternative method, based on the 
extraction of the acids by solvents such as ethyl 
acetate (Pucher & Vickery, 1939) in an apparatus 
first designed by Widmark (1926), has not been 
found satisfactory as at least 24 and often 48 hr. are 
required for the complete removal of the organic 
acids, and in addition some of the H,SO, used to 
acidify the fruit juice is also extracted. 

The method described in the present paper in 
which the fruit extract is acidified with H,SO, to a 
pH of 2-0 and then extracted with 50% (v/v) n- 
butanol-chloroform, is very rapid and does not 
subject the solutions to a temperature above 25°. 
The time required, from the addition of the 
0-2N-H,SO, to the finely ground frozen fruit to the 
end of the extraction, is not more than 4hr. 
Volatile acids which would be lost if the fruit were 
dried, can be extracted quantitatively. In addition 
the n-butanol-chloroform extract can be readily 
manipulated so as to yield a concentrated solution 
suitable for analysis by the partition chromato- 
graphic method without any loss of volatile acids. 

The partition chromatogram used for the analysis 
of the fruit acids is based upon the same principles 
as that of Martin & Synge (1941) but differs from it 
in several important details. 

(1) The most fundamental change is that the 
indicator has been placed outside the column. This 
has been done in order to overcome the difficulties 
which were experienced in attempting to use the 
unmodified partition chromatogram—it was found 
that the concentration of n-butanol in the mobile 
phase had to be at least 30-40 % for malic and citric 
acids and at this concentration, the acid forms of 
any of the indicators recommended previously 
(Gordon, Martin & Synge, 1944; Lidell & Rydon, 
1944) were immediately leached from the silica gel. 
In addition, it was found impossible to obtain an 
indicator which would function reversibly on the 
column for all fruit acids because their relative 
strengths varied so widely, e.g. pK of first H’ of 
oxalic acid is 1-19 while that of malic acid is 3-40 
(for the function of the indicator and the causes 
underlying the non-ideal behaviour of unmodified 
partition chromatograms see Lester Smith, 1942). 
In the modified partition chromatogram, a constant 
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stream of an indicator sensitive to the weakest acid 
likely to be present is injected into the solvent 
flowing from the column. The indicator has no 
influence on the working of the column. 

(2) Another important change is the replacement 
of the aqueous non-mobile phase by 0-5N-H,SO, in 
order to depress the ionization of organic acids 
which otherwise would give very wide bands on the 
column. With water the separation of a relatively 
strong acid such as oxalic from those that might 
follow it is impossible. 

(3) In general, higher concentrations of n- 
butanol-chloroform (10-35 % v/v) have been used. 
This is obligatory but has the advantage that the 
association of the organic acids in the mobile phase 
appears to be slight. Association in the mobile 
phase has the same effect on the apparent partition 
coefficient as dissociation in the aqueous phase. 
Some acids associate markedly in chloroform (e.g. 
formic acid, Shilov & Lepin, 1922). 

(4) The adsorptive properties of silica gel towards 
organic acids have been eliminated by treatment 
with 10N-HCl, ‘ageing’ in the dry state for 2-3 
weeks, and then retreatment with 10n-HCIl. 

The total effect of these changes is to produce a 
partition chromatogram which agrees very closely 
with the mathematical picture of Martin & Synge 
(1941); the shape of the curve relating the concentra- 
tion of the solute at any one point on the column with 
the volume of thesolvent used for development is very 
nearly symmetrical (see Fig. 4 (1)). This is assumed 
to indicate the absence of any significant inter- 
ference either by adsorption or by changes in the 
apparent partition coefficient with dilution (Martin 
& Synge, 1941; Lester Smith, 1942). 

The ratio of the volume of indicator to solvent is 
very important if one of the acids is only present in 
small amount. Consider the curve for oxalic acid 
(1) in Fig. 4. Assuming that the characteristics of 
the curve can be expressed in terms of the normal 
curve of error, as suggested by the mathematical 
analysis of Martin & Synge (1941), then it can be 
shown that 99-8% of the acid will have been 
collected when the concentration in the organic 
phase has fallen to 1 % of the maximum value. This 
applies whether the total quantity of acid is 10 mg. 
or 0-1 mg. though the limiting absolute concentra- 
tions in the two cases for oxalic acid are about 
0-25 x 10-°m and 0-25 x 10-5m respectively. These 
figures mean that if the excess alkali present in the 
indicator solution, above that necessary to neutralize 
the mineral acid in the solvent, is equal to a con- 
centration of oxalic acid of 0-25m x 10-%, then a 
quantity of 10 mg. added to the top of the column 
will be recovered to the extent of 99-8 % whereas a 
quantity of 0-1 mg. will not show up at all. It 
follows therefore that in order to determine small 
quantities of an acid the excess alkali in the mixture 
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of solvent and indicator must be reduced to the 
minimum. The limit to the sensitivity of the 
indicator device is set by the concentration of acid 
necessary to effect a demonstrable change in the 
colour of the indicator. This concentration can be 
calculated assuming that the indicator salt must be 
decomposed to the extent of about 25% (Britton, 
1942) before the change in the colour is detectable 
and that all the organic acid in the solvent is trans- 
ferred to the indicator solution. The minimum 
concentration of acid in the organic phase then 
works out at 0-0004 x 0-25 x 0-1=1 x 10-5m (using 
a solvent/indicator ratio of 10) which is less than the 
limiting absolute concentration required in order to 
obtain a 99-0% recovery of oxalic acid when only 
0-1 mg. is taken for analysis. On theoretical grounds 
therefore the indicator device should be sufficiently 
sensitive to enable even quantities as small as 
0-1 mg. to be analyzed satisfactorily. In practice an 
overall accuracy of about 1 % on a sample of 10 mg. 
is regarded as satisfactory. On 0-1 mg. the error, 
mainly due to the titration, is about 10%. 


SUMMARY 


1. A simple method has been devised to extract 
both the volatile and the non-volatile acids from 
fruit without subjecting any of the solutions to a 
temperature above 35°. The acidified fruit juice is 
absorbed into silica gel and extracted in the form of 
a column with 50 % (v/v) n-butanol-chloroform, the 
fruit acids in this solution then being concentrated 
and dissolved in 50% (v/v) tert-amyl alcohol- 
chloroform for analysis. 

2. The mixture of acids is separated using a 
modified partition chromatogram, the non-mobile 
phase consisting of 0-5N-H,SO, and the mobile 
phase of mixtures of n-butanol-chloroform. The 
acid present in each fraction can be isolated by 
evaporation of the solvent, the solution of indicator 
which feeds into the solvent leaving the column 
being stopped so as not to contaminate the acid. 
Volatile acids are isolated as their sodium salts. 

3. The modified partition chromatogram avoids 
several of the defects associated with the original 
design of Martin & Synge (1941). The most im- 
portant improvements are the use of an external 
indicator instead of an internal one, the replacement 
of water by 0-5n-H,SO,, and the use of a non- 
adsorbent silica gel. The working of the column 
then closely approaches that required for an ideal 
chromatogram, on the basis of the mathematical 
treatment of Martin & Synge (1941). 


Acknowledgement is made to Mr F. C. Barrett for 
his technical assistance. The work described above was 
carried out as part of the programme of the Food Investi- 
gation Board. It is published by permission of the Depart- 
ment of Scientific and Industrial Research. 





146 


the 
the 
cid 
the 


ble 


is 
of 
he 


yl. 


le 
le 
ne 
ry 





Vol. 40 


ANALYSIS OF ACIDS IN FRUIT 695 


REFERENCES 


Britton, H. T. 8. (1942). Hydrogen Ions, 3rd ed. London: 
Chapman and Hall. 

Elsdon, 8. R. & Synge, R. L. M. (1944). Biochem. J. 38, 
ix. 

Gordon, A. H., Martin, A. J. P. & Synge, R. L. M. (1943). 
Biochem. J. 37, 79. 

Gordon, A. H., Martin, A. J. P. & Synge, R. L. M. (1944). 
Biochem. J. 38, 65. 

Kargin, V. A. & Rabinovitch, A. J. (1935). Trans. Faraday 
Soc., Colloidal Electrolytes, p. 284. 

Krebs, H. A. & Eggleston, L. V. (1944). Biochem. J. 38, 426. 

Lester Smith, E. (1942). Biochem. J. 36, xxii. 


Lidell, H. F. & Rydon, H. N. (1944). Biochem. J. 38, 68. 

Martin, A. J. P. & Synge, R. L. M. (1941). Biochem. J. 35, 
1358. . 

McKenzie, A. & Plenderleith, H. J. (1923). J. chem. Soc. 
123, 1090. 

Pucher, G. W. & Vickery, H. B. (1939). Industr. Engng 
Chem. (Anal. ed.), 11, 656. 

Pucher, G. W., Wakeman, A. J. & Vickery, H. B. (1941). 
Industr. Engng Chem. (Anal, ed.), 13, 244. 

Shilov, N. & Lepin, L. (1922). Z. phys. Chem. 101, 353. 

Widmark, E. M. P. (1926). Skand. Arch. Physiol. 48, 
244. 


The Fixation and Retention of Ascorbic Acid by the Guinea-pig 


By J. R. PENNEY awnp S. 8S. ZILVA (Member of the Scientific Staff, Medical Research Council), 
Lister Institute, London 


(Received 18 May 1946) 


In this communication experiments are described 
which are an extension and an elaboration of an 
investigation on guinea-pigs and man which has 
been in progress for some time (Johnson & Zilva, 
1934; Zilva, 1936; Kellie & Zilva, 1938, 1939; Zilva, 
1941), the general object being to coordinate 
experimental data obtained on guinea-pigs with 
observations made on human beings. Since the 
scope of experimentation on man is for obvious 
reasons limited, many gaps in our knowledge can 
only be filled in by systematic and detailed experi- 
mental work on animals. Such information can not 
only throw light on the general metabolic problem 
but can also help in assigning proper value to 
observations made on man. The present experi- 
ments deal with the absorption and retention of 
ascorbic acid by the tissues of the guinea-pig and 
the bearing of this phenomenon on the develop- 
ment of scurvy. 


TECHNIQUE 


Experimental animals and diet. All animals employed in 
this investigation were young growing guinea-pigs weighing 
approximately 300g. The basal scorbutic diet had the 
following composition (% by weight): 


Bran 24 
Barley meal 16 
Weatings 21 
Fishmeal 


Oats (crushed) 26 
Salt mixture 


or 


In addition each animal received reconstituted full cream 
milk which had been boiled for 1 hr. after the addition of 


1 ml. 0-5% CuSO,/100 ml. of milk. This preliminary treat- 
ment of the milk was carried out since it was considered 
that the nature of the investigation required a basal diet 
as free as possible from vitamin C. On this diet, guinea-pigs 
increased in weight for about 14 days and then decreased 
rapidly. The first macroscopic lesions of scurvy appeared 
after c. 15 days and the animals succumbed to the disease in 
about 25 days. 

Preparation and analysis of the tissues. The guinea-pigs 
were killed by stunning and bleeding and the blood was 
collected in oxalate. The tissues were then prepared for 
analysis as follows. Whole blood (5 ml.) was precipitated 
with 15 ml. 6% trichloroacetic acid. The liver, kidney and 
muscle samples and also the stomach and intestinal tissues, 
after removal of the contents and subsequent washing and 
drying the tissues with filter paper, were extracted twice 
with 2 parts by weight of 10% trichloroacetic acid and by 
grinding with sand and centrifuging. Measured portions of 
the resulting extracts (not more than 4 ml.) were diluted to 
20 ml., the final trichloroacetic acid concentration being 
adjusted to 4%. The adrenal, spleen and marrow were 
extracted with 20 ml. 4% trichloroacetic acid. Since the 
amount of marrow obtained from one animal was small, the 
sample analyzed was taken from the femurs and tibias of 
three guinea-pigs killed at the same time. Leucocytes were 
obtained by a procedure similar to that employed by 
Kellie & Zilva (1938), the pooled white cells from six animals 
being used for each experiment. Eighteen hours before the 
guinea-pigs were killed, they were injected intraperitoneally 
with 30 ml. of meat infusion broth containing 1% peptone 
and 0-5% NaCl. The leucocytes thus obtained (yield, 0-5— 
0-8 g.) were extracted with 20 ml. 4% trichloroacetic acid. 
Ascorbic acid was then determined by the 2:4-dinitro- 
phenylhydrazine method of Roe & Kuether (1943). Using 
this technique we have found that added ascorbic acid is 
recovered with an error of less than 5%. No interference 
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was detected when the 2:4-dinitrophenylhydrazine reaction 
was allowed to proceed for 15 min. at 25° instead of 3 hr. at 
37°, i.e. the tissues did not contain any non-ascorbic acid 
substances described by us (Penney & Zilva, 1945) which 
are capable of simulating the reaction. 


RESULTS 


The gastric utilization of ascorbic 
acid by the guinea-pig 


Guinea-pigs, unlike human beings, do not eliminate 
ascorbic acid in the urine when the vitamin is con- 
sumed orally unless the doses ingested are large 
(300-500 mg.). On the other hand the parenterally 
introduced vitamin is rapidly eliminated by guinea- 
pigs after very much lower doses (25-50 mg., cf. 
Zilva, 1935a, b; 1936). As the main object of this 
investigation was to facilitate the application of the 
present results to man, it was evident that some 
light had to be thrown on this different behaviour 
of these two species which are susceptible to scurvy 
and whose reaction to the disease is mostly very 
similar. It will be seen from the experiments to be 
described that the restricted capacity of the guinea- 
pig for absorption of ascorbic acid is partly re- 
sponsible for this difference. A single dose of 25 mg., 
which is capable of saturating the tissues of vitamin 
C depleted animals when administered parenterally, 
failed to bring about saturation when given orally. 
The same total quantity of ascorbic acid admin- 
istered by mouth in a number of small doses given 
at short intervals, led to a more efficient deposition 
in the tissues. The highest ascorbic acid concentra- 
tion of the tissues was found to be attained when 
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average of three guinea-pigs in each group which 
were injected with single doses of 25 mg. and 14 mg,, 
and the calculated values of the tissue concentra- 
tion for theoretical saturation (to be discussed in a 
later section) are given as standards of comparison. 
All the animals were killed for analysis 15 hr. after 
the administration of the ascorbic acid. It will be 
seen that by administering 25 mg. of ascorbic acid 
orally in 0-5 mg. doses every 10 min., tissue con- 
centrations were obtained which approximated 
those obtained by a single injection of 25 mg. or 
those obtained by calculation for theoretical satura- 
tion. On the other hand when 25 mg. were given 
orally in one dose the ascorbic acid tissue concentra- 
tions were less than half of the above standards and 
were even less than those obtained with a single 
injection of 14mg. These results suggest that 
ascorbic acid above a certain low concentration is 
only partially absorbed during the time it remains 
in the guinea-pig stomach, where it is stable owing 
to the prevailing acidity. In the intestine con- 
ditions are unfavourable to the stability of the 
vitamin and, unless very large quantities are 
administered, in all probability little remains for 
absorption. In contradistinction to this, in man the 
gastric absorption of the vitamin is evidently much 
more rapid and efficient—for small or moderate 
doses it is probably almost as rapid as by injection. 
Consequently when in man the quantities of 
ascorbic acid which enter the blood stream by 
absorption from the stomach are well above the 
saturation dose some of it is quickly eliminated 
by the kidney as in the case of parenteral intro- 
duction. 


Table 1. Influence of oral and parenteral administration of ascorbic acid 
on the concentration in guinea-pig tissues 


Blood 


Amount and method of (mg./ (mg./ (mg./ 


administration 
f Av. 


(S.D. 


0-36 9-1 5-2 
0-03 1-0 0-4 


intramuscular injection pl on - 20 
iii i : s.D. 0-01 0-4 0-3 


{Av. 9-30 8-8 6-0 
0-02 0-4 0-5 


(S.D. 
fAv. 0-14 3-4 2-0 
0-02 0-5 0-1 


(S.D. 
0-25 9-7 55 


25 mg. intramuscular injection 


g, 
5 


14 mg. 


25 mg. by mouth (0-5 mg. 
every 10 min.) 

25 mg. by mouth (single 
dose) 

Theoretical saturation value 
(calculated) 


doses of 0-5 mg. were given every 10 min. Table 1 
shows the results of the final experiment. The 
guinea-pigs, three animals in each group, were 
depleted of the vitamin by maintenance on the 
scorbutic diet for 12 days before receiving the dose. 
The tissue concentrations of the animals, also the 


100ml.) 100g.) 100g.) 100g.) 100g.) 


Small Large 


in- in- 


Liver Kidney Adrenal Spleen Stomach testine testine Muscle Marrow 


(mg./ (mg./ (mg./ (mg./ 
100g.) 100g.) 100g.) 100g.) 100g.) 


72 33 8-3 14-9 9-5 
14 1-0 2-1 0-5 
33 j 4-5 8-4 4-7 
ll 0-9 1-8 0-7 
50 d 8-0 14-0 8-6 

1 é 0-3 1-4 0-9 
20 ; 3-0 6-3 3-2 

5 “2 0-7 0-7 0-4 
96 ¢ 7-5 14-0 8-5 


(mg./ (mg./ (mg./ 


ot 
weal 


co-_ 


bo 


ei ole Gg 
Oreo Wl] —& bo 


s.D. =standard deviation in this and subsequent tables. 


The disappearance of ascorbic acid from the tissues 
of guinea-pigs subsisting on a scorbutic diet 


In order to ascertain whether there was any 
definite relationship between the ascorbic acid 
content of the tissues and the development of 
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scurvy it was essential to obtain precise data 
regarding the decrease of the tissue ascorbic acid 
content of animals subsisting on scorbutie diet for 
various periods. The following experiments were 
therefore carried out: three groups of guinea-pigs, 
taken from stock and receiving a mixed diet, were 
subsequently maintained on the basal scorbutic 
diet. In addition the first group received cabbage 
ad lib. whilst the second and third groups were 
given oral doses of 25 and 50 mg. of ascorbic acid per 
diem respectively for six days preceding complete 
vitamin C depletion. During this preliminary 
period, group 2 therefore consumed the approximate 
oral minimum dose necessary to ensure saturation 
(Zilva, 1936) whilst groups 1 and 3 consumed much 
higher doses. The ascorbic acid content of the tissues 
was then determined after the animals had been 
maintained on the scorbutiec diet alone for 1, 3, 8, 
15 and 23 days respectively. As the results ob- 
tained in the three groups for the corresponding 
periods of vitamin C depletion were not significantly 
different, an average figure of all the results for each 
period of depletion is given in Table 2. 

It will be seen that in all the tissues there is a 
rapid decrease in the ascorbic acid concentrations 
during the first eight days after which the loss 
becomes progressively smaller. In fact, when the 
log,) of the tissue concentration is plotted against 
the time of depletion the relationship is linear 
(Fig. 1). Furthermore the magnitude of the slopes 
of all the curves with the exception of those for 
blood and muscle are of the same order (0-07— 
0-08). It is also seen that at the stage of depletion 
when macroscopic scorbutic Jesions usually appear 
on this basal diet and even in the premortal phase, 
ascorbic acid, as shown by the Roe & Kuether 
reaction, is still present. By the summation of the 
ascorbic acid contents of the above organs, it was 
found that when saturated a guinea-pig, weighing 
about 300 g., contained approximately 8-5 mg. of 
ascorbic acid, whilst after 8 days’ depletion, when no 


macroscopic scorbutic lesions are to be observed, 


this value fell to 1-5-2-0 mg. After 15 days’ depletion 
it was further reduced to 0-5 mg.; after 23 days 
traces of ascorbic acid could still be detected. 
Attention must be drawn to the fact that in Fig. 1 
the curves are extrapolated to zero time giving the 
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Table 2. The disappearance of ascorbic acid from the 
tissues of initially saturated guinea-pigs subsisting 
on a scorbutic diet 


Days depletion ... 1 3 8 15 23 
No. of animals ... 12 12 12 10 9 
(mg./ (mg./ (mg./ (mg./ (mg./ 
100 g.) 100 g.) 100g.) 100 g.) 100 g.) 
0-26 020 O14 0-10 0-05 
Blood* . 0-03 005 005 002 0-01 
Live f 99 54 24 063 0-21 
ae Isp. 33 Il O09 0:10 0-07 
dei ( 49 32 13 045 O14 
Kidney jsp. 10 13 03 O15 0-04 
{ 82 51 20 56 «13 
Adrenal Isp. 24 8 13~©» 10 15 03 
Sple ( 29 19 77 3616 0-65 
= ls.p. 54 10 28 O58 O14 
; { 72 45 20 049 0-18 
Stomach isp. 12 11 09 O14 0:06 
7 tie ad 131 80 30 077 0-28 
Small intestine |, 3.2 16 O7 O12 0-07 
, il 76 Fl 21 053 O19 
Large intestine}. 20 1:2 07 0:20 0-06 
Muscle 22 15 O8 033 Ol] 
— isp. O05 O68 O02 O13 0-04 
Mi ; { 86 59 24 O70 0-21 
— isp. O7 1:2 O58 010 0-07 


* mg./100 ml. 


true saturation values. In practice the initial values 
are very much higher as will be seen from Table 3 
containing data obtained with guinea-pigs kept on a 
mixed diet which included cabbage ad lib. until just 
before analysis. These high values are due to the 
fact that quantities of ascorbic acid in the process of 
absorption from the food are still circulating in the 
blood stream and ‘flush’ the saturated tissues, 
raising for a short period their ascorbic acid con- 
centration beyond the true saturation value. This 
was demonstrated by the following experiment. 
Ascorbic acid was determined in the blood of the 
following groups of animals: (1) guinea-pigs 
receiving a mixed diet containing cabbage ad lib. 
until killed for analysis; (2) after depleting such 
animals for 15 and 24hr.; (3) after depleting for 
15 and 24 hr. guinea-pigs previously maintained on 
a scorbutic diet and a daily dose of 25 or 50 mg. 


Table 3. A comparison of the tissue saturation values obtained experimentally for guinea-pigs 
on a mixed diet containing cabbage ad lib., with the calculated saturation values 


Small Large 
Blood Liver Kidney Adrenal Spleen Stomach intestine intestine Muscle 
(mg./ (mg./ (mg. (mg./ (mg./ (mg./ (mg./ (mg. (mg. 
100 ml.) 100g.) 100 g.) 100g.) 100g.) 100 g.) 100 g.) 100 g.) 100 g.) 
. : {Av. 0-75 16-7 8-5 150 43 11-0 20-4 10-3 3-1 
end det 1, 0-07 2-7 1-2 12 3 2-9 33 1-2 0-6 
Calculated saturation 0-25 9-7 5-5 96 34 75 14-0 8-5 2-3 
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Fig. 1. The disappearance of ascorbic acid from the tissues of initially saturated guinea-pigs subsisting on a scorbutic diet. 





_ascorbic acid for six days. 
_ (Table 4) that the average blood concentration of the 
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Table 4. The influence on the blood ascorbic acid concentration of the intake 
and of the time after ingestion 


Ascorbic acid intake during 
the pteliminary period 
Cabbage ad lib. 
Cabbage ad lib. 
25 mg. ascorbic acid daily for 6 days 
50 mg. ascorbic acid daily for 6 days 
Cabbage ad lib. 
25 mg. ascorbic acid daily for 6 days 
50 mg. ascorbic acid daily for 6 days 


The results show 


animals receiving cabbage ad lib. and not previously 
depleted was 0-61 mg./100 ml. and that this de- 
creased to 0-37 mg./100 ml. after 15 hr. depletion 
and 0-25 mg./100 ml. after 24 hr. depletion. The 


' animals maintained on the daily doses of 25 and 


_ 50 mg. respectively for 6 days showed a value of this 
order even after 15 hr. depletion.* The results 


' demonstrate the difficulty if not the impossibility 


of obtaining experimentally the true saturation 
value at zero time. In our opinion this can only be 
obtained with a fair degree of accuracy by extra- 
polation of the experimental depletion curve. 
Values obtained in this way were used by us as one 
of the standards for comparison in the experiments 


' described in the preceding section. 


Influence of intake on the ascorbic acid 
content of the guinea-pig tissues 


The experiments described in this section are an 
extension and an elaboration of those already 
described by Zilva (1936). In the present experi- 
ments the doses investigated spread over a wide 
range and the use of Roe & Kuether’s method 
instead of the direct indophenol titration procedure 
has enabled us to obtain results of greater precision. 
Daily doses of 0-5, 2-0, 6-0, 12-0 and 25mg. of 
ascorbic acid were administered orally for 15 days 
to five groups of guinea-pigs, each consisting 
of three animals, existing on the scorbutic diet. 
These animals had previously received a mixed diet 
with cabbage ad lib. 24 hr. after the administration 


* In a previous communication (Penney & Zilva, 1943)) 
it was reported that approximately 5 mg. of 2:3-diketo- 
gulonic acid per 100 ml. of plasma was obtained by the 
modified Penrose & Quastel reaction described by us 
(Penney & Zilva, 1943a) for animals depleted of vitamin C 
for 5 days. It was however pointed out at the time that the 
substance or substances which reacted were in all proba- 
bility not diketogulonic acid. The very low blood ascorbic 
acid figures obtained in the present investigation showed 
definitely that it could not have been due to diketogulonic 
acid since the Roe & Kuether reaction is also given by 
this compound (Lloyd, Sinclair & Webster, 1945; Penney & 
Zilva, 1945). 


No. of 
guinea-pigs 


10 


oe 


Ascorbic acid Standard 
Depletion concentration deviation 
(hr.) (mg./100 ml.) (mg./100 ml.) 

8 0 0-61 0-12 
15 0-37 0-07 
8 15 0-24 0-03 
5 15 0-26 0-05 
0 24 0-25 0-05 
9 24 0-26 0-06 
9 24 0-27 0-05 


of the last dose the guinea-pigs were killed and the 
tissues analyzed as previously described. In con- 
sidering the results of these experiments (Table 5) 


Table 5. The influence of graded oral doses of 
ascorbic acid on the concentration in the tissues 


Dose (mg.) 0-5 2-0 6-0 12-0 25-0 
(mg./ (mg./ (mg./ (mg./ (mg. 
100 g.) 100 g.) 100 g.) 100 g.) 100g.) 
{ 0-10 O13 O14 0:20 0-22 
Blood* isp. 000 0-01 002 002 0-04 
Liv ( ll 17 33 52 61 
ane isp. O1 05 O8 17 #13 
es { 082 13 23 29 52 
Kidney isp. 004 O1 O4 O8 21 
10 3921 32 34—Cts«OS; 
Adrenal i & © m-s> 8 
Spl { 38 93 LI 16 25 
cal isp. 07 O68 3 2 5 
' { 0-84 17 #30 39 57 
Stomach isp. O16 05 O83 O4 18 
a 18 42 59 65 106 
Small intestine), 02 O07 %13 +413 25 
te ll 22 38 41 61 
Large intestine}, 02 O07 12 O35 12 
Muscl 0-44 O44 10 +410 = 13 
— sv. 010 009 O2 O1 O1 
Marrow 2-1 3-2 6-6 6-9 8-9 


* mg./100 ml. 


it should be remembered that the ascorbic acid 
tissue contents are here a balanced effect of the 
depletion of the body and the deposition of the 
vitamin due to the absorption of the dose. It will 
be seen that the consumption of the daily dose of 
0-5 mg. of ascorbic acid for 15 days raised the tissue 
concentration only very slightly as compared with 
the values after 15 days’ depletion (cf. Table 2) and 
that a dose of 25 mg. brought up the concentration 
almost to the true theoretical saturation limit as 
obtained by calculation (cf. Table 3). These results 
are similar to those obtained by Zilva (1936) except 
that owing to the more sensitive method employed 
in these experiments it was found that a deposition 
of traces of ascorbic acid took place on the admin- 
istration of doses lower than 5-8 mg. The higher 
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accuracy of these experiments has also enabled us 
to establish a mathematical relationship between 
the tissue concentration and the magnitude of the 
dose. It will be seen from Fig. 2 that a linear 
relationship exists between the log,) of the tissue 
concentration and the log,, of the corresponding dose 
for all the tissues and that the slopes of the curves, 
except those of the marrow, blood and leucocytes, 


2-00 
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S 


Log, tissue ascorbic acid concentration 


0-00 1-00 
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support to our observation that the capacity for 
absorbing higher oral doses by the guinea-pig is 
limited. 

The more efficient absorption of ascorbic acid by 
the guinea-pig when introduced parenterally was 
also shown by the following experiment. Three 
groups of three saturated animals each, were 
placed on a scorbutic diet and 15 daily injections 





0-00 1-00 


Logy9 dose 


Fig. 2. 


are of the same order, i.e. 0-43—-0-48. The small 
difference in the slope of the marrow curve can be 
ascribed to imperfection of technique, but with 
blood the difference is significant and is probably 
due to the avidity of the other tissues under the 
prevailing experimental conditions. The ascorbic 
acid content of the leucocytes will be discussed in a 
later section. The slopes of the curves of all the 
tissues except the blood show that the tissue con- 
centration is approximately proportional to the 
square root of the dose, and thus offers further 


The influence of graded oral doses of ascorbic acid on the tissue concentration. 


of 6, 9 and 12mg. of ascorbic acid respectively, 
dissolved immediately before administration, were 
delivered intraperitoneally and intramuscularly 
into each of the four limbs consecutively. All 
the animals were killed 24 hr. after the injection 
of the last dose and analyzed as usual. It will be 
seen from Table 6 that a daily dose of only 6-9 mg. 
given parenterally will maintain saturation, whilst 
when the vitamin is given orally a daily dose of 
25 mg. is necessary to attain this level of tissue 
saturation. 
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Table 6. The influence of graded doses of ascorbic acid administered parenterally 
on the concentration in the tissues 
Ascorbic Small Large 
acid ad- Blood Liver Kidney Adrenal Spleen Stomach intestine intestine Muscle Marrow 
en y E 
ministered (mg./ (mg./ (mg./ (mg./ (mg./ (mg./ (mg./ (mg./ (mg./ (mg./ 
(mg.) 100 ml.) 100g.) 100 g.) 100 g.) 100 g.) 100 g.) 100 g.) 100 g.) 100 g.) 100 g.) 
RB { 0-39 11-6 6-7 105 31-5 11-0 16-2 9-2 2-7 12-5 
AD. 0-04 0-5 0-4 15 2-2 0:3 2-4 0-4 0-3 — 
9 { 0-33 12-3 6-3 102 31-0 9-7 16-6 8-7 2-8 12-0 
= kD. 0-10 1-4 1-1 16 1-5 0-7 1-9 1-1 0-0 — 
6 { 0-22 6:3 4-0 59 20-0 5-9 9-2 5-0 1-8 7-7 
|s.p. 0-02 0-8 0-4 ll 0-7 0-7 0-6 0-3 0-2 i 


Ascorbic acid tissue content and the 
development of scurvy in the guinea-pig 


It has previously been shown by Zilva (1936) that 
saturation of the tissues does not prolong the period 
of survival of guinea-pigs on a scorbutic diet. It 
was thus found that the time taken by the animals 
to succumb to scurvy on a scorbutic diet was 
independent of their pre-experimental intake of 
vitamin C providing it exceeded 1 mg./day. Even 
when the experimental animals had received 
cabbage ad lib., the preliminary diet did not delay 
the mortal termination of the disease. In view of 
the fact that the scorbutic diet employed in this 
investigation was more drastically depleted of 
vitamin C than the one used before, it. was decided 
to repeat the above experiment. Daily ascorbic acid 
doses of 0-5, 1-0, 2-0, 3-0 and 4-0 mg. were given 
orally to five groups- of guinea-pigs, each group 
containing four animals, maintained on a scorbutic 
diet for 10 days preceding complete vitamin C 
depletion. As previously found, no significant 
difference could be cbserved in the time of survival 
of any of the groups when compared with an 
initially saturated control group, except in the set 
receiving 0-5 mg. of ascorbic acid which succumbed 
somewhat earlier. 

In view of these observations it was desirable to 
compare the tissue ascorbic acid concentrations of 
guinea-pigs which had existed on a scorbutic diet 
for various periods after receiving a daily dose of 
2 mg. of ascorbic acid in the pre-experimental stage 
with those obtained by us for the tissues of animals 
depleted after saturation. These analytical data 
were obtained in an experiment in which the tissues 
of three groups of guinea-pigs, each consisting of 
three animals and receiving the above dose for 10 
days before vitamin C depletion, were analyzed 
1, 8and 15 days after the last dose. These results are 
given in Table 7 and their significance is brought out 
clearly by comparing graphically (Fig. 3) the curves 
obtained here with those obtained in the vitamin C 
depletion experiments on saturated guinea-pigs. It 
is readily seen that the ascorbic acid concentrations 
of the tissues after 1, 8 and 15 days’ complete vitamin 
C depletion in this experiment correspond approxi- 
mately to the tissue concentrations obtained by 


depleting saturated animals for 8, 15 and 23 days 
respectively. In spite of the similarity of the 
ascorbic acid tissue concentrations of the partially 
saturated guinea-pigs kept on a scorbutic diet for 
8 days and those of the fully saturated animals 
treated similarly for 15 days, no macroscopic 
scorbutic lesions could be observed at the post- 
mortem examination of the former whilst 23 out of 
26 of the latter showed marked signs of scurvy at 
autopsy. The ascorbic acid content of the tissues 
therefore seems to bear no definite relationship to 
the onset of well-declared scurvy any more than the 
high ascorbic acid content of the tissues of saturated 
animals has any influence on prolonging the time of 
survival of guinea-pigs placed on a scorbutic diet. 
Further experimental evidence supporting this view 
will be produced in a subsequent section. 


Ascorbic acid content of the tissues of guinea-pigs 
existing for 3 months on a low intermittent intake 


It was of further interest to establish the ascorbic 
acid content of the tissues of guinea-pigs subsisting 
on a scorbutic diet and receiving intermittent doses 
of vitamin C. Zilva (1941) showed that guinea-pigs 
kept on a scorbutic diet and receiving a weekly oral 
dose of 35 mg. grew well and when killed after 90 
days showed no macroscopic signs of scurvy. This 
experiment was repeated utilizing the scorbutic 
basal diet described above which contained even 
smaller traces of vitamin C than the diet used in the 
original experiments. Two groups of animals each 
consisting of three guinea-pigs were killed after 84 
days, the first group receiving its last dose 7 days and 
the second group 24 hr. before death. Table 8 shows 
that the ascorbic acid concentration of the tissues of 
the animals killed 7 days after the last dose corre- 
sponds to that observed by us in animals which had 
been depleted for 15-16 days (cf. Table 5). Ad- 
ministration of the last dose 24 hr. before death, 
yielded higher ascorbic acid tissue concentrations 
corresponding to those of animals depleted for only 
about 11 days (cf. Table 5). Of the 18 guinea-pigs 
used in this and another experiment to be discussed 
later only in one was any indication found which 
could be considered as a doubtful sign of scurvy, 
the remaining animals being free from macroscopic 
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Table 7. The disappearance of ascorbic acid from the tissues of partially saturated guinea-pigs 





Small Large 











Blood Liver Kidney Adrenal Spleen Stomach intestine intestine Muscle Marrow 
Days (mg. (mg., (mg. (mg./ (mg./ (mg./ (mg./ (mg./ (mg./ (mg. 
depletion 100ml.) 100g.) 100 g.) 100 g.) 100 g.) 100 g.) 100 g.) 100 g.) 100 g.) 100 g.) 
1 JAY: 0-13 2-5 1-5 19 8-8 2-6 4:8 2-3 0-68 3-7 
|s.p. 0-01 0-5 0-2 8 2-5 0-5 0-7 0-3 0-07 —- 
A 0-09 0-71 0-40 5:3 2-1 0-45 0-80 0-45 0-20 0-85 
© |s.v. 0-01 0-05 0-06 1-4 03 0-10 0-31 0-10 0-02 ~ 
15 (Av. 0-05 0-31 0-14 0-87 0-50 0-14 0-30 0-15 0-07 0-25 
° |s.v. 0-01 0-03 0-00 0-11 0-00 0-00 0-02 0-04 0-01 — 
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Fig. 3. The comparison of the disappearance of ascorbic acid from the tissues of saturated (A) and partially saturated (B) 


guinea-pigs. 1, small intestine; 2, liver; 3, marrow; 4, large intestine; 5, stomach; 6, kidney; 7, muscle; 8, adrenal; 
9, spleen. : 







Table 8. The tissue concentrations of guinea-pigs receiving intermittent oral doses of ascorbic acid 





Small Large 









Blood Liver Kidney Adrenal Spleen Stomach intestine intestine Muscle Marrow 

Time after (mg./ (mg. (mg. (mg. (mg./ (mg./ (mg./ (mg./ (mg./ (mg./ 

last dose 100ml.) 100g.) 100 g.) 100 g.) 100 g.) 100 g.) 100 g.) 100 g.) 100 g.) 100 g.) 
7 days {AY- 907 0-83 0-49 5-9 31 0-53 1-3 0-58 0-20 1-8 
aY5 isp. 0-01 0-09 0-09 2-2 0-9 0-04 0-4 0-14 0-08 = 
24 br, {AY- 9-09 1-9 1-5 12 6-5 1-9 2-7 1-5 0-43 2:2 
es. NOE 0-3 0-1 0 0-2 0-1 0-4 0-3 0-06 = 
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signs of scurvy. On the other hand as has been 
already mentioned, of the 26 animals on the scorbutic 
diet not receiving any vitamin C for 15 days and 
showing asimilar concentration in the tissues, in only 
three were no macroscopic lesions found at the post- 
mortem examination. This experiment therefore 
shows that the ascorbic acid concentration of the 
tissues bears no definite relationship to the onset of 
well-declared scurvy. 


20 


concentration (mg./100 g.) 


Ascorbic acid 


Ww 
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rapidly during the first 8 days and then reached a 
value which remained constant until the premortal 
stage. In this investigation more precise results 
were obtained by the Roe & Kuether method. 
After the initial loss during the first 10 days or so 
the ascorbic acid content of the cells remained 
constant until the twenty-second day when the 
experiment was terminated (Fig. 4). A comparison 
of the log, ascorbic acid concentration/time of 


1-50 


& 


Log, ascorbic acid concentration 


$ 0-50 
5 10 15 20 
Depletion (days) 
Fig. 4. The ascorbic acid content of the guinea-pig leucocytes. ©——© The depletion of ascorbic acid. ©---© Log,, 


of the depletion values. —-— Log,) of the small intestine ascorbic acid depletion values. Arrows on the depletion 
curve indicate the tissue concentration values observed under various conditions of ascorbic acid administration. 
Daily oral administration for 15 days. A, 0-5 mg.; B,2 mg.; C,6 mg.; D, 12 mg.; EZ, 25 mg. Single dose after 12 days’ 


depletion. F, 50 mg. parenterally; G, 14 mg. parenterally; H, 50 mg. per os; I, 14 mg. per os. 


The influence of ascorbic acid intake on the 
ascorbic acid content of guinea-pig leucocytes 


Owing to the outstanding difference found 
between the behaviour of the leucocytes and of the 
other tissues with respect to ascorbic acid satura- 
tion and retention, the results are considered 


separately. Kellie & Zilva (1938) observed that the 
indophenol reducing capacity of leucocytes from 
guinea-pigs kept’ on a scorbutic diet decreased 


ascorbic acid depletion curve plotted for leucocytes 
and for a typical tissue (small intestine) clearly 
shows the marked difference in the leucocytes 
during the depletion (Fig. 4). For the initial stages 
of the depletion the log,, curves are nearly parallel. 
After about 8 days however the slope of the leuco- 
cyte curve, unlike that of the other tissue, decreased 
and became zero as the leucocyte ascorbic acid 
concentration reached a constant value. In spite of 
this characteristic difference in vitamin C depletion 
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it would appear that the ascorbic acid content of the 
leucocytes, like that of the other tissues, cannot 
serve as an indication for the impending develop- 
ment of scurvy. This conclusion is further supported 
by the results of an experiment in which 35 mg. of 
ascorbic acid were administered weekly by mouth to 
12 guinea-pigs which had been maintained on a 
scorbutic diet for 12 weeks. The ascorbic acid con- 
centration of the leucocytes of these animals both 
24 hr. and 7 days after the administration of the 
last dose, was only 0-8 mg./100 g., a value which 
falls on the horizontal section of the curve; yet 
post-mortem macroscopic signs of scurvy were 
absent in all the animals. Attention is also drawn 
to the experiment already described in which guinea- 
pigs received a daily oral dose of 2 mg. for 10 days 
before being placed on a scorbutic diet, when 
the initial ascorbic acid concentration of the tissues 
other than that of the leucocytes (not determined) 
corresponded in this case to the value obtained with 
saturated guinea-pigs depleted for about 8 days 
(Tables 5 and 7). As the log,) ascorbic acid/time of 
depletion curve of the leucocytes runs roughly 
parallel to that of the other tissues for the first 8 
days, it may be deduced that in the case of the 
leucocytes the approximate initial value of the 
ascorbic acid concentration, after receiving a daily 
oral dose of 2 mg. for 10 days during the preliminary 
period, corresponds also to that obtained after 8 
days’ depletion or is probably even less owing to the 
smaller ascorbic acid capacity of the leucocytes. 
Such a value would almost correspond to a point on 
the horizontal section of the curve. In spite of this 
low initial ascorbic acid content of the leucocytes, 
the animals did not succumb to scurvy earlier than 
those which were saturated when the ascorbic acid 
was removed from the diet. 

From other experiments on leucocytes several 
points of interest emerge of which the physiological 
significance cannot be fully explained at present. 
As already mentioned, when graded doses were 
administered orally, a linear relationship between 
logy) tissue ascorbic acid concentration and logy, 
dose was found, but the leucocyte curve had a 
smaller slope (Fig. 2). In other words, for the same 
blood ascorbic acid concentration the vitamin is 
taken up more readily by the other tissues. Simi- 
larly, when 50 mg. ascorbic acid was injected intra- 
muscularly into the guinea-pigs maintained on a 
scorbutic diet for 12 days, the ascorbic acid content 
of the leucocytes was found to correspond roughly 
only to that obtained in the case of guinea-pigs 
maintained on a scorbutic diet for about 3 days 
(Fig. 4), whilst the other tissues under these 
circumstances were saturated. This confirms an 
earlier observation (Kellie & Zilva, 1938). On the 
other hand the leucocyte concentration after an 
intramuscular injection of 14 mg. corresponded to 
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that of the other tissues, being oquivalent to that 
after 4 or 5 days’ vitamin C depletion, and this was 
also the case when a single dose of 50 or 14 mg. of 
ascorbic acid was administered by mouth. 




















it 
DISCUSSION z 
The experiments described offer an opportunity of | 5! 
obtaining a broad view of the bearing of saturation | b 
and of the tissue ascorbic acid content in general on } 1 
the development of scurvy in the guinea-pig. ir 
At the outset it is necessary to consider the }| g 
specificity of the Roe & Kuether method. We have | 4 
shown (Penney & Zilva, 1945) that certain sub- | a 
stances can interfere in the determination and that | 
this can be partially rectified if the reaction is | &' 
carried out for 15 min. at 25° instead of for 3 hr. at } U 
37°. No evidence of such interference was found to | ™ 
exist in any of the above experiments. The only 
known substances, the presence of which could | 4 
have vitiated the results, were therefore compounds | ™ 
such as dehydroascorbic and diketogulonic acids | |i 
and the analogues of ascorbic acid (cf. Penney & | # 
Zilva, 1945), but the current evidence is against } W 
e} 





their presence in tissues. There still remains the 
possibility of an unknown substance or substances 
capable of simulating the reaction. Our evidence 
however lends little support to this view, since the 
kinetics of the filling and depletion of most of the 
tissues suggested that a single substance, which 
could only be /-ascorbie acid, was involved in the 
process, dehydroascorbie and diketogulonic acids 
and the analogues being excluded on theoretical 


























grounds. This argument does not apply however to | # 
the leucocytes since it was shown that although the } T 
loss during the first 8-10 days followed a similar | “ 
course to that of the other tissues, after that timea | 
residue remained which did not disappear with | 
depletion even to the premortal phase. The residue | “ 
is an indophenol reducing substance (Kellie & | # 
Zilva, 1938). This different behaviour therefore | 
suggests that either a portion of the l-ascorbic acid b 
of the leucocytes is held more retentively than in | ™ 
any other tissue so far investigated or that the | ™ 
residual indophenol reducing substance is not | 
identical with l-ascorbic acid or any of the known fi 
substances capable of reacting like J-ascorbic acid. di 
With regard to the influence of the oral consump- | ™ 
tion of J-ascorbic acid on its deposition in the tissues }| °° 
of the guinea-pig, the results show beyond doubt | ® 
that the restricted absorption of the vitamin in the | * 
stomach of this animal acts as a factor limiting its | 4 
deposition in the tissues. Only when a dose was lo 
given orally in portions of 0-5-1-0 mg. at intervals A 
of 10min. was the deposition found to be as } ® 
efficient as when the same total amount was | ™ 
administered as a single dose parenterally. The ‘ 
e 
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guinea-pigs led to a deposition in quantities which 
were proportional to the square root of the dose. 
This relationship, it must be noted, holds when the 
vitamin is given in solution. It is doubtful whether 
it would apply where the vitamin is consumed 
in solid foodstuffs such as vegetables. In these 
circumstances the food remains longer in the 
stomach and consequently the ascorbic acid would 
be released gradually. The chief point to bear in 
mind is that the gastric absorption of ascorbic acid 
in man is much more rapid and efficient than in the 
guinea-pig and under certain circumstances almost 
as rapid and efficient as when introduced parenter- 
ally. This fact must be considered when any 
attempt is made to apply the results obtained with 
guinea-pigs to man and it further suggests that 
under ordinary circumstances little can be gained in 
man by parenteral medication. 

The experiments concerning the disappearance of 
ascorbic acid from the tissues of the guinea-pig 
maintained on a scorbutic diet have shed a new 
light on the process of the retention of the vitamin 
and consequently on the process of saturation. It 
was seen that the disappearance from all the tissues 
examined followed an exponential rule and, with 
the exception of the blood, the slopes of all the 
curves derived were similar. The initial vitamin 
values obtained were, however, always found to be 
higher than those obtained by extrapolating the 
curves (log,, content against time) to zero time 
(Fig. 1 and Table 3). This was demonstrated to be 
due to the ‘flushing’ of the saturated tissues by an 
excess of ascorbic acid circulating in the blood soon 
after the absorption of considerable quantities. 
Thus it was found that the blood ascorbic acid 
content fell to 0-25 mg./100 ml., the value obtained 
by extrapolation to zero time after 24 hr. depletion 
in the case of guinea-pigs previously receiving 
cabbage ad lib. and after 15 hr. in the case of 
animals receiving a daily dose of 25 or 50 mg. of 
ascorbic acid. At this blood concentration, equili- 
brium is reached between blood and tissue ascorbic 
acid. During the period of ‘supersaturation’, the 
mode of retention of the excess ascorbic acid by the 
tissues differs from that by which ascorbic acid is 
fixed in the process of saturation, since this excess 
disappears very rapidly and therefore masks the 
true loss from the tissues during the first 24 hr. or 
so. Once the excess is eliminated, depletion proceeds 
exponentially. Hence during the first few days of 
ascorbic acid depletion, the ascorbic acid concentra- 
tion of the tissues falls considerably and reaches 
low values some time before scurvy manifests itself. 
As the disease develops when the curve is reaching 
asymptotic values of tissue ascorbic acid concentra- 
tion for long periods of depletion (Fig. 3), it is 
evident that it would not be easy to utilize with any 
degree of reliance the above low values as an indica- 
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tion of a prescorbutic condition. The interpretation 
of such results would be further complicated by the 
fact, indicated by the present work, that there is no 
definite correlation between the tissue content and 
the onset of scorbutic lesions. In addition it must 
be noted that, as far as our present technique shows, 
the time of survival of initially saturated guinea- 
pigs when existing on a scorbutic diet is no longer 
than that of animals whose initial tissue concentra- 
tion was about half of the saturation value. This 
fact suggests that at least the fraction of the tissue 
ascorbic acid lost in the initial stages of depletion 
does not act as a store of ascorbic acid for the 
protection against scurvy. 

In view of our observation that the tissues of the 
guinea-pig can be ‘supersaturated’ by excess of 
ascorbic acid circulating in the blood after the 
absorption of considerable quantities of ascorbic 
acid from the stomach, it may be questioned 
whether the first signs of a continuous elimination of 
the vitamin by the kidney of man is the result of 
true saturation of the organism. We are inclined to 
believe that it is due to ‘supersaturation’, especially 
as the gastric absorption of the vitamin is much 
more efficient in man, and that the dose actually 
necessary to saturate a human being is much less 
than that usually ascertained by the urinary excre- 
tion technique. The elimination of ascorbic acid by 
the kidney is in all probability the extreme expres- 
sion of overdosage. 


SUMMARY 


1. Oral doses of solutions of ascorbic acid above 
a certain limit (0-5-1-0mg.) are only partially 
absorbed by the guinea-pig. 

2. The daily oral administration of doses of 
ascorbic acid to initially saturated guinea-pigs on a 
scorbutic diet led after 15 days to a deposition in all 
the tissues except the leucocytes of quantities which 
were proportional to the square root of the dose. 

3. The disappearance of ascorbic acid from the 
tissues of saturated guinea-pigs kept on a scorbutic 
diet follows an exponential rule and the slopes of 
most of the depletion curves are similar. When 
these curves are extrapolated to zero time, satura- 
tion values are obtained which are lower than the 
initial values usually observed by direct experiment. 
This is shown to be due to the fact that the saturated 
tissues are ‘flushed’ by an excess of ascorbic acid 
circulating in the blood while it is still in the process 
of absorption soon after the withdrawal of the 
vitamin from the diet. The mode of retention by the 
tissues of this excess of ascorbic acid is different to 
that of the fixation of the vitamin during the 
saturation process. 

4. The loss of ascorbic acid from the leucocytes of 
guinea-pigs kept on a scorbutic diet follows a 
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course similar to that of the other tissues during the 
first 8-10 days, but after that time until the pre- 
mortal stage a residue persists which gives the Roe 
& Kuether reaction and which reduces indophenol. 

5. Scurvy develops in guinea-pigs when the 
curve of the ascorbic acid tissue concentration 
reaches asymptotic values for long periods of de- 
pletion, and there is no definite correlation between 
the tissue content and the appearance of scorbutic 
lesions. 

6. A high proportion of the ascorbic acid which is 
fixed by the tissues of saturated guinea-pigs and 
lost during the first few days of depletion on a 
scorbutic diet does not act as a store of vitamin C 
for protection against scurvy. 

7. It is concluded that the first appearance of a 


J. R. PENNEY AND &. S. ZILVA 





1946 


continuous elimination of ascorbie acid by the 
kidney of man is a result of ‘supersaturation’, the 
true saturation dose being lower than that ascer. 
tained by observation of urinary excretion, and 
consequently the elimination of ascorbic acid by the 
kidney is in all probability the extreme expression 
of overdosage. It is also suggested that, owing to the 
highly efficient gastric absorption of ascorbic acid 
by man, no advantage is gained under ordinary 
circumstances by parenteral rather than oral 
medication. 

8. The specificity of the Roe & Kuether methodas 
applied in this investigation is discussed. 

One of us (J.R.P.) is indebted to the Medical Research 
Council for a whole-time grant. Our thanks are also due to 
Roche Products Ltd. for a gift of l-ascorbic acid. 
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Spectrophotometric Study of the Excretion Products of Mepacrine 
compared with Synthetic Acridine and Diphenylamine Derivatives 


By E. J. KING, MARGARET GILCHRIST anp A. L. TARNOKY 
British Postgraduate Medical School, London, W. 12 


(Received 22 May 1946) 


In the present investigation an attempt has been 
made to characterize some of the excretion pro- 
ducts of mepacrine in human urine obtained from 
subjects on continuous mepacrine therapy. Scudi 
& Jelinek (1944) isolated four main fractions from 
dog urine. One of these they identified as unchanged 
mepacrine by chemical and spectrophotometric 
means, and they attributed acridine structures to 
the other three. 

Extraction of large volumes of human urine with 
ethylene dichloride, and subsequent purification 
and chromatographic distribution, has yielded seven 
fractions which have been characterized spectro- 
photometrically. The general plan of fractionation 
is shown in Fig. 1. Some clue as to structure has 
been obtained by comparing the absorption curves 
of these purified fractions with those obtained from 
synthetically prepared acridine derivatives and 
related substances of known structure. The absorp- 
tion spectra of the latter are also of interest from the 
point of view of acridine chemistry. 


EXPERIMENTAL 


Extraction of urine (Fig. 1). Large volumes of combined 
samples of urine from military personnel on a mepacrine 
regime were used. They were extracted in several lots of 
about 101. each, as follows. The urine was brought to pH 
10 by addition of NaOH, and was shaken thoroughly with 
2-5 1. of pure ethylene dichloride, allowed to separate, and 
the yellow ethylene dichloride layer removed. The residue 
was extracted with a mixture of 1 1. benzene, 500 ml. light 
petroleum and 500 ml. ether. This extract was only very 
slightly yellow and was not investigated further. 

The ethylene dichloride extract was washed with water, 
centrifuging to break the gel, and the water discarded. It 
was then washed twice with 2-5n-NaOH, and twice with 
water. These aqueous alkaline washings were combined and 
designated the NaOH Fraction. 

The remaining ethylene dichloride extract was shaken 
with three lots of 0-5N-HCl, which removed all its colour; 
the organic layer was then discarded. The acid solution was 
washed twice with ether to remove traces of ethylene 
dichloride, and the ether discarded. It was brought to 
pH 8-4-8-8 with NaOH and extracted with benzene. It was 
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made strongly alkaline and extracted once more. The 
colourless aqueous layer was discarded and the combined 
benzene extracts filtered, dried over Na,SO,, and passed 
through a column of Brockmann’s alumina, 6 mm. in 


‘diameter and 25 em. long, under gentle suction. 


Urine (+ NaOH) 


ethylene 
dichloride 
extract 


+NaOH, aq. 


ethylene NaOH Fraction 
dichloride 


extract 


— HCl —> 
— benzene — 
— alumina column 


ro 


not adsorbate 
adsorbed: 
Fraction 1 
elution 
with benzene 
and amyl 
alcohol 
eluate: residue: 
| Orange Band. 
Fr.2 Fr3 Fr.4 Fr.5 Fr. 6 


Fig. 1. Fractionation of urine from subjects 
receiving mepacrine. 


The NaOH fraction was brought to pH 9-5 with HCl, and 
extracted several times with ethylene dichloride. The basic 
material was then taken into 0-5N-HCl, washed twice with 
ether, made alkaline and extracted into benzene, dried and 
chromatographed as described above. 

Chromatograms. A very pale yellow solution passed 
through the first alumina column. This was known as 
Fraction 1. There was so little coloured material present 
that it was not possible to investigate it further. The 
chromatogram which formed consisted of a thin brown 
band at the top, below which was a fairly narrow, intensely 
coloured orange band, and below this again a wide diffuse 
yellow band. Elution with benzene containing 10% (v/v) 
amyl alcohol gave Fraction 2, a very intense solution of 
relatively small volume which appeared to be produced by 
removal of part of the colour from the orange layer, and 
which leap-frogged down the column over the wide yellow 
layer. This was followed by Fraction 3, a pale, rather 
brownish solution, formed from a pinkish layer which had 
followed Fraction 2 down the column. Next came Fraction 
4, a yellow solution of greater volume and medium intensity 
of colour, formed by elution of the wide yellow band. There 
remained on the column the brown band, and the orange 
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band, the rest of the column being nearly colourless. 
Prolonged elution with the same solvent gave two further 
Fractions 5 and 6, very pale solutions apparently coming 
from the nearly colourless part of the chromatogram. A 
further fraction was obtained by removing mechanically 
from the column the Orange Band. 

The NaOH fraction gave a chromatogram consisting 
of a heavy brown band at the top with an orange band 
below. Elution with benzene containing 50% (v/v) amyl 
alcohol removed the orange band, giving a deep yellow 
solution. 

A chromatogram of authentic mepacrine in benzene 
solution upon the same alumina gave a small brown 
layer at the top (possibly impurity), and a diffuse long 
yellow band below, which was in appearance the same as 
that of Fraction 4 and behaved in the same manner on 
elution. 

Amounts of fractions. Fractions 2 and 4 represent the 
greater amount of the total; the NaOH fraction was present 
in a moderate amount, while only very small quantities of 
Fractions 3, 5 and 6 were found. 

Further purification of fractions. At this stage, the 
solutions had to be left in the ice-chest for two months. 
After this time it was found that they all contained a small 
amount of coloured material which was not acid-soluble. 
Since this was produced by standing it was not included in 
the investigation. 

Fractions 2, 3 and 4 were each extracted into 0-5n-HCl, 
the acid extract washed with ether, made alkaline and 
extracted into benzene, dried and chromatographed as 
before. On this occasion activated alumina (British Drug 
Houses Ltd.) was employed, and it was observed that 
Fraction 2, which had formerly given a narrow intense 
orange band on Brockmann alumina, now gave a long yellow 
band, while Fraction 4, which had formerly produced a 
long yellow band, now gave an intense orange band near the 
top. Each fraction contained very small amounts of the 
others, which were eliminated by collecting only the central 
portion of the main eluate. The fractions were then ex- 
tracted into dilute HCl and washed well with ether for 
spectrophotometry. 

Fractions 5, 6 and the NaOH Fraction were not put 
through a second chromatogram. They were extracted into 
0-5N-HCl, washed with ether, and their absorption spectra 
investigated. 

The Orange Band was eluted from the separated portion 
of the chromatogram with 0-5N-HCl, washed with ether 
and spectrographed directly. It is therefore likely to be less 
pure than the other fractions. 

Spectrophotometry. These products as well as substances 
of known structure which might serve to identify the 
fractions were examined in the 2300-4800 A range by means 
of a Hilger E316 quartz spectrograph and a Spekker ultra- 
violet photometer (H324), using a tungsten steel high 
tension spark. Where possible, an absorption curve was 
obtained for each in both acid and alkaline solutions, and in 
a buffered solution near pH 7. (Palitzsch’s boric acid-borax 
buffer was used in all cases except one.) It was found useful 
in some cases to obtain additional curves, working with 
slightly alkaline or acid buffered solutions. Water was used 
as the solvent, or, where the substance was not sufficiently 
soluble, dilute ethanol (up to 50%). 

Picrates. Picrates of pure mepacrine and of Fractions 2 
and 4 were prepared and mixed melting points taken. 
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RESULTS 
Mepacrine (Fig. 2) 


The absorption spectrum of mepacrine was first 
re-examined. The curves obtained were in sub- 
stantial agreement with those given by Scudi & 
Jelinek (1944). The spectrum of mepacrine may be 
divided into three parts, a strong ‘s.w.’ band in the 
‘short’ wave-length region (2500-3000A.), (not 
covered by Scudi’s work), with millimolecular 
extinction coefficients ranging from 47 to 61, a 
‘medium’ wave-length band of low extinction 
which will be referred to as the ‘mM.w.’ band (in the 


05 N-HCI 
---- pH76 











Mepacrine 
CH, 
NH-CH-(CH,);—N(C2H.), 


Fig. 2. Spectral absorption curve of mepacrine. Abscissae: 
wave-length in Angstrém units. Ordinates: millimole- 
cular extinction coefficients. 


region of 3200-3700A., with « x 10-3 between 3-7 
and 4-6) and a diffuse ‘L.w.’ band in the ‘long’ 
(4000-4750A.) wave-length region with milli- 
molecular extinction coefficients 7-9. For the sake 
of brevity this type of curve will be referred to as the 
‘acridine-type’. The spectra of this and all other 
‘acridine-type’ compounds are reproduced in two 
parts, the portion below 3000A. being plotted 
separately with the extinction values on a smaller 
scale. Where the bands are exceptionally high the 
peaks are shown on the graphs in insets. The peak 
of the short wave-length s.w. band which is at 
2825A. in 0-5N-HCI solution is displaced to 2700A. 
in alkali. This change appears to be a gradual one, 
with the absorption maximum at pH 7-6 halfway 
between those of the acid and the alkaline solution, 
and having a lower extinction coefficient. In the 
medium wave-length region the solutions in acid 
and at pH 7-6 have identical mM.w. absorption 
maxima, while in alkaline solution (at pH 9) a 
double peak appears. In the L.w. band the acid and 
pH 7-6 curves again show great similarity, with the 
alkaline curve distinctly different, but here it is the 
acid and pH 7-6 absorption heads that have double 
maxima. Thus the tautomeric change postulated by 
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Scudi & Jelinek which gives rise to the differences 
in absorption in the medium and long wave-length 
regions and is also responsible for the three isobestic 
points (2950, 3540 and 4140A.), occurs beyond the 
neutral point, between pH 7-6 and 9-0. Scudi & 
Jelinek observed the change to be complete at 
pH 8-55. The short wave-length s.w. band changes 
gradually with changing hydrogen ion concentra- 
tion, and might indicate some other more gradual 
structural change. 

Mepacrine picrate. Equal volumes of aqueous 
mepacrine dihydrochloride (5 mg./ml.) and of a 
saturated solution of picric acid in water were 
mixed at 70°. An intense yellow precipitate formed 
immediately. The solution was left overnight and 
the supernatant liquid was sucked off. The product, 
a crystalline yellow powder, melted at 154-158° 
when recrystallized from aqueous acetone or dilute 
ethanol. Thrice recrystallized from dry acetone and 
once more from absolute ethanol with some added 
drops of acetone it had m.p. 207—8° (decomp.) 
(Found: N, 13-9%. Cale. for C.y.H3,;0,N,Cl: N, 
13-4%). A solution of the picrate in aqueous 
pyridine was titrated against an aqueous milli- 
molecular methylene blue solution, using Bolliger’s 
(1939) method. (Found: mol.wt.—630-2. Calc. for 
the monopicrate: mol.wt.—628-5). 


Urine fractions (Fig. 3) 

The products of extraction were next examined 
spectrophotometrically. Here the ‘apparent milli- 
molecular extinction coefficients’ were determined 
by comparing the colorimetric intensity of the acid 
solutions at 4200A. with that of an acid mepacrine 
solution and expressing the extinction values in 
terms of the molecular weight of mepacrine. 

Fractions 2 and 4. Two of the extraction products, 
Fraction 2 and Fraction 4, have absorption curves 
closely similar to that of mepacrine with which 
they are, in all probability, identical. It would 
seem that the difference in their chromatographic 
behaviour cannot be due to any significant difference 
in structure; and although chromatographically 
Fraction 4 resembled mepacrine more closely than 
Fraction 2, this is not confirmed by the spectro- 
photometric curves. 

Picrates were prepared from approximately 
10 mg. of Fraction 2, and 4 mg. of Fraction 4, using 
the procedure described for mepacrine. The picrates 
were yellow powders which did not depress the 
melting point of mepacrine picrate when mixed 
with authentic samples. 

Fraction 3. The absorption curves of Fractions 3 
and 5 and the ones described as the Orange Band 
and the NaOH Fraction are substantially different 
from the mepacrine spectrum. They may be 
referred to as of the ‘degradation-type’ and can 
best be described as distorted acridine curves. They 
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all have strong s.w. bands with a very small m.w. 
peak and a larger L.w. peak occurring on the right- 
hand downward slope from the s.w. band. There 
are also indications of intense bands with maxima 
below 2200A., which, however, were too far into 
the ultra-violet to be spectrographed. 

The s.w. band of Fraction 3 has Amax. displaced 
from 2775A. in acid solution to 2675A. in alkali, the 
change being accompanied by an increase in apparent 
«x 10-* from 98 to 125. The acid curve has an M.w. 
maximum at 3425A. and a L.w. peak at 4310A.., 
whereas the alkaline solution only shows one further 
peak at 3975A. Taking into account the movement 
of the s.w. band towards the shorter wave-lengths, 
as well as on the analogy of the acridine curves, it 
seems likely that the 3975A. peak is that of the 
L.w. band. 

NaOH Fraction. The NaOH Fraction has an acid 
curve with M.w. and L.w. bands closely similar to 
those of Fraction 3. The changes in alkaline 
solution are also closely parallel. From the 3000- 
4800A. spectrum one would say that Fraction 3, 
which was present only in very small quantities, is 
identical with the NaOH Fraction, probably repre- 
senting a small residue of the latter not extracted 
from the original ethylene dichloride solution by 
strong NaOH. The s.w. bands of the two fractions 
however, though similar in type, are not identical 
either in wave-length, in apparent extinction 
coefficient, or in reaction to change of pH. This may 
he because the NaOH Fraction has been less 
thoroughly purified than Fraction 3, but it is 
possible that it indicates some very small structural 
difference between the two compounds. 

Orange Band Fraction. The fraction known as 
the Orange Band exhibits s.w.-maxima which are 
similar to Fraction 3 in their wave-lengths, shift in 
wave-lengths, and in that apparent « x 10° of the 
solution in alkali is higher than that of the acid 
solution; the actual figures, however, 53 and 73, are 
much lower than for Fraction 3. There is a distinct 
M.w. band at 3420A. which decreases with in- 
creasing pH and all but disappears in n-NaOH 
solution, with an accompanying shift in Amax, to 
3450A. The maximum of the diffuse L.w. band 
shifts from 4250A. in acid to 4120A. in alkaline 
solution. Thus the picture from 3000 to 4800A. is 
similar in type to that of Fraction 3 but has very 
distinct differences. 

Fraction 5. The s.w. maxima of Fraction 5 show 
great similarity to Fraction 3 in respect of wave- 
lengths but differ markedly in their maximum 
apparent extinction values. Not only are they sub- 
stantially lower than in Fraction 3, but here the 
absorption maximum is higher in acid than in 
alkaline solution as is the case with the NaOH 
Fraction. The more weakly alkaline solution (at 
pH 9-0) has a maximum at an intermediate wave- 
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length and a lower extinction. The acid curve shows 
a double-peaked m.w. band (at 3230 and 3440A.). 
Only one peak is visible (at 3400A.) at pH 9-0. The 
L.W. band of the acid curve is also decreased by 
increasing pH, while both mM.w. and L.w. bands 
completely disappear in strongly alkaline solution, 
leaving the bare downward slope of the s.w. peak. 
Fraction 5 appears to be of the same general type of 
compound but is not identical with any of the other 
fractions. 

Fraction 6. No conclusions could be reached about 
Fraction 6 which was available in such small 
quantities that only the s.w. band could be ob- 
tained. Its apparent millimolecular extinction 
coefficient in terms of mepacrine is unusually, and 
probably fictitiously, high, reaching 216 in 0-5N- 
HCl solution and 163 at pH 9-6—-10. The wave- 
lengths of these maxima, 2825 A. in acid and 2750A. 
in weak alkali, indicate that Fraction 6 is not 
identical with any of the other fractions. The 
available data are insufficient to decide whether it 
belongs to the ‘acridine’ or to the ‘degradation’ 
type of compound. 

None of the ‘degradation-type’ spectra had points 
that could with reasonable certainty be described as 
isobestic. 

Four of the fractions thus have absorption spectra 
widely differing from mepacrine, but all essentially 
similar to each other, so it may be assumed that 
there are no great structural differences between 
these four fractions. It may be noted that the 
differences between corresponding wave-length 
maxima are slight, probably indicating that the 
molecular weights of these fractions are of the same 
order. 


Acridine derivatives (Fig. 4) 


Absorption spectra were obtained of acridine and 
a number of its derivatives in order to ascertain 
whether any of these give spectra of the ‘degrada- 
tion’ type. The millimolecular extinction coefficients 
of these compounds are true values, calculated on 
the basis of their own molecular weights. 

A few of these, notably acridine and 5-amino- 
acridine, have already been spectrographed by 
Charlampowiczowna & Marchlewski (1930), Radu- 
lescu & Ostrogovitch (1931), and Dima & Pogange- 
anu (1939) and, quite recently, by Craig & Short 
(1945) and Turnbull (1945). A good deal of this 
work is not strictly comparable with our results 
because different solvents or pH’s were used, or the 
wave-length range was different. In the cases, 
however, where a comparison is possible, satis- 
factory agreement was found. 

In most of these derivatives isobestic points 
could be detected, indicating that at our lowest pH 
the compounds were present mainly in the form of 
univalent ions, and no significant formation of 
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Fig. 3. Spectral absorption curves of urinary excretion products of mepacrine. Abscissae: wave-length in Angstrém 
units. Ordinates: apparent millimolecular extinction coefficients. (Since the formulae of these compounds ar 
unknown, the extinction coefficients were calculated arbitrarily in terms of mepacrine, as follows. The concentration 
of the solution was assessed by comparison of its yellow colour with the yellow colour of a standard mepacrine solution 
under similar conditions, and apparent ¢ calculated using this concentration and the molecular weight of mepacrine. 
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Fig. 4. Spectral absorption curves of acridine deriva- 
tives. Abscissae: wave-length in Angstrém units. 
Ordinates: millimolecular extinction coefficients. 
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divalent ions had taken place (cf. Albert & Goldacre, 
1943). 

Acridine. Acridine has s.w. and t.w. but no 
M.W. bands. As might be expected from its mole- 
cular weight as compared with mepacrine, and the 
absence of the bathochromic chloro-, methoxy- 
and amino-groups, the entire spectrum of acridine 
is displaced towards the shorter wave-lengths. It 
is further characterized by the exceptionally high 
intensity of its absorption bands as expressed by 
high extinction coefficients and very low half- 
widths. A strongly alkaline solution and one at 
pH 7-6 have identical s.w.-maxima (2500A., 
e x 10-*=179), which change in acid solution to 
2560A., with « x 10-% decreased to 125. The L.w.- 
maximum is invariable around 3540A. but under- 
goes a marked change in intensity, « x 10-° being 
7-7 in alkaline solution and 15-9 in acid, with the 
lowest value near the neutral point. (At pH 7-6 
e« x 10-?=6-1.) Both the acid and alkaline solutions 
have an ‘inflexion’ on the right-hand side. There are 
isobestic points at 2520, 2790 and 3730A. Thus, 
unlike the case of mepacrine, it is the s.w. band 
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Spectral absorption curves of acridones and diphenylamine derivatives. Abscissae: wave-length in 
Angstrém units. Ordinates: millimolecular extinction coefficients. 


which seems to change more rapidly with changing 
pH, while the change between the acid and alkaline 
forms of the L.w. band may be more gradual and 
goes through a minimum at an intermediate pH. 
The acid curve, which has the lowest extinction 
value in the s.w. band, has the highest in the L.w. 
band. The higher extinction values of the s.w. 
bands on the alkaline side may be due to the high 
resonance energy of unionized acridine, while in 
acid solution the acridinium ion is responsible for 
the lower s.w. maximum and the characteristic 
shape of the L.w. band. 

5-Aminoacridine has s.w. bands substantially 
lower than acridine itself but only slightly shifted 
to the right. There is a continuous decrease in 
absorption intensity with increasing pH, the acid 
solution having « x 10-*=91, the solution at pH 
7-6, 66, and the alkaline solution 48. This last 
change is accompanied by a slight shift in the Amax. 
to 2630A. (The acid and pH 7-6 solutions have the 
same Amax. at 2610A.) The inclusion of the 5-amino- 
groupis responsible for a small and diffuse M.w. band 
in acid solution. This band still exists at pH 7:6 
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and even has a suggestion of a double maximum, 
but completely disappears in alkaline solution. The 
L.w. band is strongly displaced to the right of the 
acridine L.w. band and has two well resolved peaks 
in acid solution which, however, do not compare 
with the acridine peaks in intensity. There are 
isobestic points at 2850A. and 4320A. It is doubt- 
ful whether the point at 3730A. is isobestic. 
5-Amino-3-methylacridine was spectrographed 
next, as it was expected that the new group would 
affect the absorption spectrum at least by destroy- 
ing the symmetry of the molecule. The s.w. band 
of this compound shows a gradual increase in Amax. 
and decrease in emax, a8 the pH is increased. As in 
5-aminoacridine, the M.w. band is present in acid 
solution and at pH 7-6. The changes in the L.w. 
band are interesting: there is no double maximum 
in acid or alkaline solution and it is the solution at 
pH 7-6 that has two peaks. There are also in- 
flexions on both sides of the three L.w. bands and 
isobestic points at 2850, 3370 and 4410A. 
2-Chloro-5-aminoacridine has intense s.w. bands 
at about 2700A.; the neutral curve has the lowest 
intensity. In the M.w. and L.w. range, the absorp- 
tion of the acid solution is the most differentiated. 
It has a significant M.w. band with two maxima, 
and an L.w. band with three clearly defined peaks, 
two of which bear a marked resemblance to the 
corresponding two maxima of 5-aminoacridine. The 
M.w. band is present in a much diminished form at 
pH 7-6 and disappears in alkali. The t.w. band of 
the pH 7-6 solution is a single-peaked band with 
inflexions on both sides, while that of the alkaline 
solution has several well developed inflexions as 
well as a suggestion of a second maximum. There 
seem to be isobestic points at 2700, 2810 and 3610A.., 
and one near 4350 A. may be within the experimental 
error in that part of the wave-length scale. 
2-Chloro-5-diacetylaminoacridine. Diacetylation, 
in the 5:5- or the 5:10-position, alters the spectrum 
quite appreciably, as can be expected from the 
limitation on the number of possible structural 
isomers. The s.w. band of 2-chloro-5-diacetylamino- 
acridine is much the same as that of the unacetylated 
compound, but this as well as the L.w. band shows 
a general leftward shift. Another difference is that 
the alkaline solution alone has two clear maxima in 
the M.w. region. The L.w. region of the alkaline 
solution corresponds to that of 2-chloro-5-amino- 
acridine, but in acid solution the shape of this 
band, and the total absence of absorption bands in 
the M.w. region, closely correspgnd to the acridine 
spectrum at the corresponding pH. 
2-Chloro-5-amino-7-methoxyacridine. The absorp- 
tion spectrum of 2-chloro-5-amino-7-methoxy- 


acridine, a possible cleavage product of mepacrine, 
has two characteristic features. One is the relatively 
lower extinction of the L.w. band: s.w. 52, M.w. 4-6, 


METABOLISM OF MEPACRINE 


713 


L.wW. 5°6 at pH 2-9; s.w. 17-5, M.w. 2-4, L.w. 4 at 
pH 8-9. The other is the uniform decrease in 
absorption intensity over the whole range of the 
spectrum, as the pH is gradually increased, leading 
to an unusually low curve at pH 8-9 (the most 
strongly alkaline curve obtained). This change is 
limited to extinction values. There is nearly no 
change in the wave-lengths of the absorption 
maxima; neither is there any significant change in 
the general shape of the curve with the exception 
of the second L.w. peak in acid and neutral solution 
(all s.w. and M.w. peaks are single) which is toned 
down to an inflexion at pH 8-9. Three isobestic 
points could be detected at 2950, 3525 and 4525A. 

2-Chloro-5-amino-7-hydroxyacridine. Hydrolysis 
of the methoxy-substituent introduces a phenolic 
group capable of ionization. 2-Chloro-5-amino-7- 
hydroxyacridine, postulated by Hammick & Firth 
(1944) on chromatographic evidence to be one of the 
urinary excretion products of mepacrine, shows 
considerable deviation from the spectrum of its 
methoxy analogue. All extinction values are in- 
creased in proportion. The unusual depression of 
the alkaline curve is absent. The acid s.w. band has 
a single absorption peak at 2720A. (e« x 10-*= 102), 
which is lowered as the pH is increased and again 
rises to 85 in 2-5N-NaOH solution, without any 
appreciable change in Amax. A second peak is 
developed in alkaline solution. There is a strongly 
developed M.w. band with an inflexion on the left- 
hand side; this develops with increasing alkalinity 
to give a second peak at pH 8-5; in strongly alkaline 
solution a third peak appears. In the case of the 
L.W. band it is the acid and neutral solutions which 
have suggestions of a second peak, while the 
alkaline solutions give smooth single bands. There is 
some displacement to the longer wave-lengths of the 
entire spectrum in alkaline solution. There are 
isobestic points at 3250 and 3675A. 

2-Chloro-7-methoxyacridone (Fig. 5) was spectro- 
graphed as being a possible product of hydrolytic 
fission of mepacrine. It has single s.w. bands of 
which the acid one is slightly higher and the 
alkaline one is somewhat displaced to the right. 
Two maxima could be detected in the M.w. region 
of the strongly alkaline spectrum, and the L.w. 
band of this curve contains a distinct inflexion. The 
acid solution and the one at pH 7-8 give curves with 
smooth, single L.w. bands, and no definite M.w. 
peaks could be found in the spectrum of either ; it is 
significant, however, that the rather flat minima in 
this region have higher extinction values than 
the two M.w. maxima of the strongly alkaline 
solution. The two isobestic points are at 2975 and 
4275A. 

2-Chloro-7-hydroxyacridone (Fig. 5). 
of the methoxy-group in this compound would give 
2-chloro-7-hydroxyacridone. This has lower s.w. 
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bands than the methoxy -derivative, and, as in the 
hydroxyamino-compound, the introduction of the 
phenolic group has resulted in a double peaked 
absorption head in alkaline solution. The left side of 
this curve is a straight line which was traced up to 
«x 10-3=186-5 at 2275A. without reaching the 
maximum. There is no M.w. peak in acid solution 
nor at pH 7-6, but there is one in alkaline solution, 
as in the case of the methoxy-ketone. Unlike the 
latter, this is a single peak and passes well above the 
other two curves. The t.w. bands of the acid and 
alkaline curves have indistinct single maxima and 
it is in the solution of pH 7-6 that the L.w. band is 
resolved into two peaks of equal magnitude, thus re- 
sembling 5-amino-3-methylacridine. The L.w. bands 
of the acid and the pH 7-6 curves coincide in wave- 
length and extinction, but the alkaline band is 
somewhat lower and is displaced from 4170A. to 
4600A. The points at 2530, 2780, 3680 and 4340A. 
are isobestic. No exact analogy can thus be drawn 
between the hydrolysis of the 7-methoxy-group in 
the acridone and the 5-aminoacridine, but the 
general nature of the change seems to be on the 
same lines, and as might be expected, primarily 
affects the alkaline solutions; this is indicated by 
the double s.w. maxima and the rightward shift of 
the t.w. band in both acridone and amino-com- 
pounds in alkaline solution. 

None of the absorption spectra eenitted above 
deviated unduly from the general ‘acridine-type’ of 
curve and it was concluded that, unlike the assumed 
nature of Scudi & Jelinek’s fractions, the degrada- 
tion products isolated by our method no longer 
possessed the resonance of the acridine nucleus. 


Two ways suggested themselves as leading to the, 


destruction of acridine resonance: hydrogenation of 
the ring in the 5:10-positions would yield acridanes, 
while the more drastic hydrolytic cleavage at the 
5-position would result in the formation of ortho- 
substituted diphenylamine derivatives. These two 
types of compounds have already been shown to 
have very similar optical properties (Auwers & 
Kraul, 1925), and they could be expected to give 
similar absorption curves. Diphenylamine deriva- 
tives, the more stable of the two types of com- 
pound, were then investigated. 


Diphenylamine derivatives (Fig. 5) 


5 - Chloro - 4’ -methoxydiphenylamine - 2 - carboxylic 
acid. The absorption spectrum of 5-chloro-4’- 
methoxydiphenylamine-2-carboxylic acid was de- 
termined, varying the concentration of the solutions 
as little as possible since the absorptions of these 
were found to deviate appreciably from Beer’s law. 
In contrast to the yellow fluorescent solutions of 
acridine derivatives this compound gave colourless 
and non-fluorescent solutions. 
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The spectrum of the diphenylamine derivative 
consists of an absorption band at about 2290A,, 
with two smaller peaks on its right-hand downward 
slope, at about 2810 and 3550A. respectively. The 
curve is of the ‘degradation-type’ and can best be 
compared with Fraction 3 and the NaOH Fraction 
but differs from both of these, and from all the 
fractions, in that the entire spectrum is considerably 
displaced towards the ultra-violet. This corresponds 
to the similar difference between acridine and 
mepacrine and, as in that case, could be accounted 
for by a difference in molecular weights, and the 
absence of several bathochromic groups. As in the 
‘degradation-type’ curves, no isobestic points can 
be located definitely. There is little difference in the 
wave-length maxima of the individual peaks at 
different pH’s. The much enhanced alkaline s.w. 
band («x 10-?=62 in 0-I1N-NaOH solution as 
against 32 in 0-5N-HCl) cannot be observed with 
any of the fractions, from which one might infer 
that the acidity of the latter is of a lesser order. On 
the whole, however, the curves support the view 
that the fractions obtained by our extraction from 
alkaline urine are compounds belonging to one of 
the two classes described above. The fact that they 
are coloured and fluorescent may favour their 
belonging to the acridane rather than the di- 
phenylamine class. 
5-Chlorodiphenylamine-2’-carboxylic acid. It was 
hoped that by comparison with the spectrum of 
another diphenyl] derivative of known composition 
the above conclusion might be elaborated further, 
but this was not found to be the case. 5-Chloro- 
diphenylamine-2’-carboxylic acid was chosen as 
representing a degradation product of acridine in 
which cleavage has taken place on the other side of 
the 5-carbon atom. This compound shows s.w.- 
absorption at wave-lengths higher than the ones 
described in the foregoing paragraph, and has a 
further band which is in the M.w. region; this latter 
band shifts from 2910A. in alkaline (and even 
weakly alkaline) solutions to 3470A. in acid, a 
change normally attributable to the usual changes in 
the carboxyl-group, but one which cannot be dis- 
cerned with any certainty in the case of the other 
diphenylamine-derivative or in any of the fractions. 
As in the last case, the spectrum is of the ‘degrada- 
tion-type’ .and Beer’s law is not obeyed. The 
improbably high extinction maxima given for the 
s.w. band are those of solutions that were freshly 
prepared and spectrographed as soon as was 
practicable. The values increased with time, and 
with solutions 18 days old the absorption peaks 
could not be reached. It is suggested that this is 
due to the formation of a loose molecular complex 
arising from interaction of the carboxylic and 
amino-groups. The change, which would depend on 
the strengths of these two groups, does not take 
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place with 5-chloro-4’-methoxydiphenylamine-2- 
carboxylic acid where the considerable electron- 
donating (+M) effect of a methoxy-group in 
p’-position sufficiently enhances the +7’ effect of 
the o-amino-group to reduce the acid strength of 
this compound. 


In Table 1 the maxima with their millimolecular 
extinction coefficients and half-widths for all the 
curves are collected for reference. 

Table 2 gives the colours of fluorescences in acid 
and in alkaline solutions. 
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DISCUSSION 


On spectrographic evidence as well as from the 
mixed melting points of their picrates Fractions 2 
and 4, constituting the major part of our urine 
extract, consist of unchanged mepacrine. The 
peculiarities of chromatographic behaviour might 
possibly be accounted for by varying degrees of 
solvation of the mepacrine producing varying 
strengths of adsorption upon the alumina column. 

The other fractions are likely to be acridanes or 
diphenylamine derivatives. More work on the 


Table 1. Wavelengths, millimolecular extinction coefficients and half-widths* of absorption maxima 
of urinary fractions and known compounds 


Mepacrine (dihydrochloride) 


0-5n-HCl 


2825A. 
58 
290A. 


s.w. band: 
Amax. 
€max. 
Half-width 
M.w. band: 


3480A. 
4-6 
410A. 


? aS 

€max. 

Half-width 
L.wW. band: 

A 


€, 


4300, 4450 A. 
9-1, 8-6 
Ne 

700A. 


max. 
max. 


Half-width 


s.w. band: 

2810A. 
47-5 
300A. 


Anes. 


€max 
Half-width 
M.w. band: 
3450A. 
4:3 
370A. 


pay 
€max. 
Half-width 
L.w. band: 
4330 A. 
8-7 
580A. 


ace 


€max. 
Half-width 


pH 7-6 pH 9-0 


2765 A. 2700 A. 
47 61 
310A. 300A. 


3480A. 3440, 3600A. 
4-6 3-75, 4-1 
280A. 290, 240A. 


4300, 4450 A. 
8-7, 7-8 
eee 

725A. 


Fraction 2 


50 
310A. 


3430, 3620A. 
3-3, 4-25 


4210A. 
6-3 
760A. 


Fraction 4 


s.w. band: 
2810A. 
46 
370A. 


Fen 

€max. 

Half-width 
M.W. band: 

Risin, 3460 A. 


€ : 4-5 


max. 


Half-width 320A. 


L.W. band: 

4280, 4430 A. 
7-7, 7-3 
ue 
700A. 


Mnex, 
€max. 


Half-width 


2675 A. 
50 
330A. 


3460, 3610A. 
4-1, 4:3 
UH 
430A. 


4270A 210 
7 6-2 


730A. 820A. 


_ * This term is used for the approximate width (in angstréms) of the absorption band where ¢=}¢.,. Where necessary, 
it is obtained by extrapolation. 
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Fraction 3 












0-5N-HCl 0-5n-NaOH 

s.w. band: 

a 2775 A. 2675 A. 

Gon. 98 125 
M.W. band: . 

max. 34254. ee 

€max. 13-4 ili 
L.W. band: 

Res 4310A. 3975 A. 

€ 10 76 





max. 



















NaOH Fraction 
s.w. band: 0-5N-HCl pH 9-0 
Roce 2610A. 2640 A. 
eee 152 117 
Half-width 440A. 480A. 
M.W. band: 
p ey 3425 A. — 
€max. 14-6 ail 
L.w. band: 
Ai 4410A, 4130A. 
€ 7-5 8-2 





max. 





Orange Band 














0-5n-HCl pH 5-0 n-NaOH 
s.w. band: 
a 2750 A. 2760 A. 2675 A. 
€max. 57 53 73 
M.wW. band: 
i. 3420A. 3450 A. 3610A. 
€max. 15-1 13-1 11-6 
L.W. band: 
Mie 4230A. 4250 A. 4120A. 
€max. 7-5 7-9 7-75 






Fraction 5 
















0-5N-HCl pH 9-0 n-NaOH 

s.w. band: 

+ 2770A. 2690 A. 2650 A. 

Co 63 47 57-5 
M.w. band: 

a 3230, 3440A. 3400 A. -— 

12-3, 12 6 — 
L.w. band: 

iis, 4260. 4230A. — 

€ 8-5 5 





max. 








Fraction 6 









s.w. band: 0-5Nn-HCl pH 9-6-10 
Peas: 2825 A. 2750 A. 
€max. 216 163 
Half-width 430A. 410A. 








Acridine 









s.w. band: 0-5n-HCl pH 7-6 0-5n-NaOH 
ee 2560 A. 2500 A. 2500 A. 
Emax. 125 179 179 
Half-width 85A. 90 A. 90 A. 

L.W. band: 

Amax. 3550A. 3540 A. 3520A. 
€max. 15-9 6-1 7-7 
Half-width 240A. 480A. 350A. 
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5-Aminoacridine 


s.w. band: 0-5n-HCl pH 7-6 0-1n-NaOH 
p 2610 A. 2610 A. 2630 A. 
€max. 91 66 48 
Half-width 175A. 125A. 200 A. 
M.W. band: 
A 3225A. 3140, 3260A. + 
€max. 1-9 1-0, 1-1 fame 
L.W. band: 
Mie: 4060, 4250 A. 4025 A. 4075 A. 
to: 9, 8-9 7 7:3 
cs 
Half-width 570A. 650A. 700A. 
s.w. band: 5-Amino-3-methylacridine 
Ben 2460 A. 2640 A. 2700 A. 
—. 102 85 54 
Half-width = 250A. 170A. 
M.w. band: 
A. 3300 A. 3300 A. —- 
e_- 2-2 2-5 —- 
L.W. band: 
aes 4060 A. 4050, 4300 A. 4000 A. 
—. 8-3 6-8, 5-8 6-7 
Half-width 680A. 650A. 750A. 
s.w. band: 2-Chloro-5-aminoacridine 
a 2660 A. 2690 A. 2650 A. 
a 123 101 141 
Half-width 200A. 150A. 240A. 
M.W. band: 
Avene. 3160, 3300A. 3180, 3320A. -+ 
eas 3-6, 4:5 1-5, 1-6 min. 1-8 
L.w. band: 
~~ 3810, 4010, 4240A. 4100A. 3950, 4130 A. 
a 7-2, 9-1, 8-7 8-5 6-8, 7-6 
Half-width 650A. 700A. T70A. 
s.w. band: 2-Chloro-5-diacetylaminoacridine 
Pn 2640 A. 2490 A. 2640 A. 
Siace 122 73 183 
Half-width 170A. — 230A. 
M.w. band: 
Mision — (Amin, 3060 A.) 3200, 3400 A. 
€max. a (€nin. 1-2) 7:3, 8-7 
L.W. band: 
Ae 3690 A. 3670 A. 3660, 3940 A. 
ao. 18-8 12 10-4, 11 
ue~ 
Half-width 310A. 400A. Approx. 850A. 
2-Chloro-5-amino-7-methoxyacridine 
s.w. band: pH 2-9 pH 4-1 aq. dest. pH 8-9 
Mise: 2720A. 2750 A. 2740A. 2700 A. 
Cece: 52 52 42-5 17-5 
Half-width 310A. 310A. 330A. 350A. 
M.W. band: 
Mee 3410A. 3410A. 3410A. 3430 A. 
Coes 4-6 4-6 3-9 2-4 
Half-width 250A. 210A. 320A. 270A. 
L.w. band: 
ae 4120A. 4140A. 4150A. 4140A. 
re 5-6 5-6 5-7 + 
Half-width : 700A. 680A. 670A. 720A. 











0-02 N-HCl 


s.w. band: 
a. 2720A. 
a 102 
Half-width 320A. 
M.wW. band: 
ae. 3425 A. 
aoe: 8-7 
Half-width 270A. 
L.w. band: 
Noms: 4200 A. 
12-3 
Half-width 680A. 





s.w. band: 


aa 
€max. 
Half-width 
M.w. band: 
Pama: 
€max. 
L.W. band: 
A 


max. 


€max. 
Half-width 


s.w. band: 
A 


aoe 
Half-width 
M.W. band: 


A 


€ 


max. 
may. 
L.w. band: 


A 


max. 


€max. 
Half-width 


s.w. band: 


Amax. 
€max. 
M.W. band: 
A 
Ema x. 
Half-width 
L.w. band: 
A 


€max. 


Half-width 


‘MaX. 


n-HCl pH 7:8 
2725A. 2700A. 
86 75 
290A. 350A. 
(Amin, 3400A.) (Amin, 3400 A.) 
(€min. 2-5) (€min. 3-0) 
4200 A. 4140A. 
8 Ut 
580A. 650A. 
2-Chloro-7-hydroxyacridone 
n-HCl pH 7-6 
2700 A. 2670A. 
62-5 53 
310A. 360A. 
4170A. 4040, 4230A. 
71 6-6, 6-7 
650A. 650A. 
5-Chloro-4’-methoxydiphenylamine-2-carboxylic acid 
0-5n-HCl pH 7-6 
2290 A. — 
32 — 
2810A. 2410, 2880 A. 
13 16-7, 15-3 
420A. 450A, 
3550 A. —_ 
7-4 — 


max. 


s.w. band: 
A 


€ 


max. 

max. 

M.w. band: 
A 


€ 


max. 


max 
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Table 1 (cont.) 


2-Chloro-5-amino-7-hydroxyacridine 


pH 7-0 pH 8-5 
2740 A. 2750, 2860 A. 
70 65, 59 

UY 
280A. 430A. 
3420A. 3320, 3470 A. 
8-5 5:8, 6-8 
290A. = 
4210, 4410A. 4530A. 
12, 10-1 9-5 
pa 
700A. 870A. 






2-Chloro-7-methoxyacridone 


480A. —_ 


5-Chlorodiphenylamine-2’-carboxylic acid 


2400 A. 2400A. 
408 497 

3470A. 2920A. 
8-5 22-5 





2-5n-NaOH 


2740, 


2935 A. 


85, 82 
— 
510A. 


3325, 3480, 


3630A. 


6, 9, 5-9 





n-NaOH 


2810A. 
73 
320A. 


3325, 3500 A. 
2-3, 1-8 


4180A. 
6-8 
720A. 


n-Na0H 


2660, 2920. 
45, 49 





3430A. 
4-7 


4600A. 
6-4 
840A. 


0-1n-NaOH 


2910A. 


4510A, 
11-7 


830A. 
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Table 2. Fluorescence of urinary fractions and known compounds 


Substance 


Mepacrine 
Fraction 2 
» 3 

a & 

” 5 

6 


NaOH Fraction 

Orange Band 

Acridine 

5-Aminoacridine 
5-Amino-3-methylacridine 
2-Chloro-5-aminoacridine 
2-Chloro-5-diacetylaminoacridine 
2-Chloro-7-methoxyacridone 
2-Chloro-7-hydroxyacridone 
2-Chloro-5-amino-7-methoxyacridine 
2-Chloro-5-amino-7-hydroxyacridine 


Colour of fluorescence 


In acid 
Intense green 


Pale blue ” 
Intense green 


Tn alkali 


Intense green 


Pale blue ” 
Intense green 


Not done Not done 
” ” ” ” 
Green Yellow 
Green 


Intense whitish blue 
” ” ” 


” ” ” ” 


Pale greenish blue ‘“ 
Intense whitish blue 


” 


” 


” 


” 


Greyish green Yellow 
Pale greyish blue Pale blue 
Green Yellow 


Intense violet-blue 
Intense whitish blue 


” 


” 


” 


” 
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acridanes would appear to be necessary before final 
conclusions can be reached. The results of such 
work will be reported later. 

On the whole, the formation in vivo of acridanes 
seems a more likely process, but acridanes are 
known to be unstable (Jensen & Friedrich, 1927; 
Albert & Linnell, 1936) and to revert easily to 
acridines on exposure to atmospheric oxygen. It 
seems improbable, therefore, that an acridane, 
produced by reduction of mepacrine, would survive 
the several manipulations of our extraction process 
without being oxidized back to the corresponding 
acridine. The greater stability of diphenylamines, 
once they are formed, favours the second alter- 
native. In this latter case ring-cleavage at the 5- 
position might well be preceded by the intermediate 
formation of the unstable 5:10-dihydro-acridine 
(acridane). If these fractions are, in fact, diphenyl- 
amines it should be pointed out that they must have 
retained several of the chromophores present in 
mepacrine with, possibly, part or all of the side- 
chain intact, since they absorb in approximately 
the same wave-length region as mepacrine. It 
follows from their method of extraction that, with 
the exception of the NaOH Fraction, they do not 
possess a free carboxylic acid group. One possibility 
would be an acid amide produced by the first stage 
of hydrolysis at the 5-carbon atom. Investigation of 
a series of diphenylamine derivatives might provide 
further indications as to their individual structures. 

In addition to its original purpose, the spectro- 
photometry of the various acridine derivatives has 
provided useful data concerning the relationship 
between absorption spectra and chemical constitu- 
tion in the acridine series. Some of these points 
have already been mentioned in the Results. 

In particular, it has been noted that acridine has 
two absorption bands while 5-aminoacridines have 
three, and that the additional band, the M.w.-band, 


is generally strongest in acid solution. It seems 
plausible to conclude that the presence of this 
band is due to a quinonoid structure in 5-amino- 
acridines (I), the 5-iminoacridane (IT) form of which 
is responsible for the M.w.-band which is most 
pronounced at acid pH’s. This is probably due to 
the electron shift from the 5- towards the 10- 
position which occurs in acid solution, while under 
alkaline conditions any electron shift that might 
occur would tend to be in the reverse direction. 


H—NH 





NH 


NH 
II 


In acridones the presence of this band corresponds 
to the keto form of these compounds, which also 
involves a quinone-like arrangement. The existence 
of the 5-iminoacridane form has been suggested on 
other physical and chemical grounds (Albert & 
Goldacre, 1943; Albert & Ritchie, 1943), but no 
conclusive spectrographic evidence was available. 
Such evidence has now been obtained in the 
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absorption spectrum of a _ 5-diacetylaminoacri- 
dine, the structure of which has been established 
chemically by Wilkinson & Finar (1946). In 
alkaline solution this compound gives a spectrum 
containing all three bands of its unacetylated 
analogue, but in acid solution the M.w.-band 
disappears and the spectrum reverts to the very 
characteristic shape of the acridinium spectrum 
since diacetylation has rendered any further inter- 
action between the 5-nitrogen and the ring 
structure, of the kind that occurs in acid solution, 
impossible. 

Seudi & Jelinek give curves for three fractions 
isolated from dog-urine which are of the acridine 
type. None of these curves corresponds precisely to 
any of the acridine derivatives we have studied. 
However, the curves for Secudi’s Fraction B1 are 
similar in type to those of 2-chloro-5-amino-7- 
hydroxyacridine; the shift in the L.w.-band to the 
right in alkaline solution being particularly note- 
worthy. It is interesting to observe that the two 
known compounds containing a phenolic group 
both show a shift of the L.w. band to the right in 
alkaline solution, all other known compounds 
showing either a leftward shift or no change in 
wave-length of this band in alkaline solution. We 
consider it possible that Scudi’s Fraction B1 may 
consist of mepacrine with an —OH group in place of 
the —OMe group. 

This is also the conclusion independently arrived 
at by Hammick & Mason (1945). Other findings of 
these authors, however, are not confirmed by our 
results. Two of their products of extraction, 
designated B2 and C, apparently indicating an 
analogy to Scudi & Jelinek’s fractions, have been 
thought by them, on polarographic evidence, to be 
2-chloro-5-amino-7-methoxy- and 2-chloro-5-amino- 
7-hydroxyacridine. Our absorption spectra for these 
synthetic compounds, however, show no resem- 
blance to the curves published by Scudi & Jelinek 
for their fractions. It appears probable, therefore, 
that Hammick & Mason’s fractions B2 and C are 
not identical with Scudi’s, and that the postulated 
identity (Hammick & Firth, 1944) of 2-chloro-5- 
amino-7-hydroxyacridine with Seudi’s Fraction C is 
incorrect. 

The curves for Scudi’s Fraction C deviate less 
from the mepacrine spectrum than any acridine 
derivative we have investigated. The change which 
converts mepacrine into Fraction C in the dog is 
probably very slight. None of our curves give any 
clue to the nature of his Fraction B2, the tauto- 
merism of which is unlike anything we have studied. 

It might be noted here that we should not expect 
to find among our fractions anything corresponding 
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to Fractions B2 or C, since these latter are not 
benzene-soluble. Our NaOH Fraction, which 
corresponds to Fraction B1 in so far as it was 
removed from the organic solvent by strong NaOH, 
has been shown by the spectrophotometric curves 
to be a completely different type of compound. It is 
unlikely that this is due to the extraction of different 
substances by ethylene dichloride and iso-amy]l- 
alcohol, since both fractions are benzene-soluble, 
and may be the result of differences in mepacrine 
metabolism in man and the dog. 

The limited data available for comparison of our 
Orange Band with the residual orange band on 
Seudi’s chromatogram would indicate a general 
similarity of these two products. 


SUMMARY 


1. Seven basic, yellow coloured fractions have 
been isolated from the urine of volunteers taking 
mepacrine ; spectral absorption curves for the range 
2300 to 4800A. have been obtained for five of these, 
and picrates of two of them prepared. 

2. Two of the fractions, the greater part of the 
material, have been identified as unchanged 
mepacrine. 

3. The other fractions are thought to be either 
acridanes or derivatives of diphenylamine. No 
final decision is reached in the present paper, but 
the question is briefly discussed. 

4. It has been shown that Scudi & Jelinek’s 
Fractions B2 and C from dog urine are not 
identical with 2-chloro-5-amino-7-methoxyacridine, 
or 2-chloro-5-amino-7-hydroxyacridine. 

5. A comparison of the spectra of acridine, 5- 
aminoacridine and a diacetylated 5-aminoacridine 
has yielded evidence of the existence of the 5- 
iminoacridanes as a contributing structure to the 
resonance hybrid of 5-aminoacridines, especially in 
acid solutions. 

6. Spectral absorption curves have also been 
obtained for a number of other acridine and di- 
phenylamine derivatives, and certain conclusions 
drawn concerning their structure in solutions at 
different pH’s. 


We should like to thank Major James Reid, R.A.M.C., 
for arranging for the collection of urine which made this 
work possible. We are also indebted to Dr Harold King, 
F.R.S., Dr D. Ll. Hammick, Messrs May & Baker Ltd. and 
Messrs Imperial Chemical Industries Ltd., for supplies of 
some of the known compounds studied, and to Messrs A. 
Hoffler, and W. Weedon for technical assistance. The costs 
of the investigation were defrayed by a grant from the 
Medical Research Council. 
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Observations upon the Application of Partition Chromatography 
to the Determination of the Monoamino-acids in Proteins 


By G. R. TRISTRAM, Biochemical Laboratory Cambridge 


(Received 31 May 1946) 


Synge (1939) and Martin & Synge (19416) have 
shown that the acetamino-acids 


(R.CH(COOH)NH.COCH,) 


have characteristic partition coefficients between 
organic solvent and water. As a result of experience 
gained (Martin & Synge, 194la) a new form of 
chromatography was introduced (Martin & Synge, 
1941b) which employs two liquid phases. The 
stationary phase (water) is held by a carrier (silica 
gel) which under ideal conditions should not 
adsorb the acetamino-acids. (Ryan & Brand (1944) 
were in error when they described the method as 
adsorption chromatography.) The movement of the 
acid bands is marked by the presence of a suitable 
indicator in the aqueous phase. It has been shown 
that each acetamino-acid will, for a particular 
solvent mixture, move down the column at a 
definite rate (see Gordon, Martin & Synge, 1943a) 
although evidence has been obtained in the present 
work which suggests that the R value (i.e. move- 
ment of band/movement of surface) may be in- 
fluenced by the presence of other acetamino-acids 
upon the column and by the water content of the 
silica, 

In succeeding publications the Leeds group 
(Gordon et al. 1943a, 1944) have improved the 
method and extended it to include phenyl-alanine, 
the leucine isomers (leucine and isoleucine cannot 


be resolved) proline, valine, tyrosine and alanine. 
They also included methionine, but evidence will 
be presented in the present paper which suggests 
that its recovery is dependent upon the particular 
amino-acid mixture analyzed and possibly upon 
the nature of the silica gel. 

Partition chromatography was the first method 
which made possible the serial micro-estimation of 
the above group of amino-acids. It has been 
suggested (Martin & Synge, 1945) that the ultimate 
aim of protein analysts should be the adoption of a 
routine procedure applicable to small quantities of 
protein, and realizable, as Chibnall (1946) has 
pointed out, only by assessing the relative merits of 
the various methods of analysis. It is with this 
object in view that considerable prominence has 
been given to a discussion of the comparative data 
so far available. Certain recommendations have 
also been made which it is hoped will facilitate 
future comparative analyses. 

Apart from preliminary experiments on gelatin 
and wool (Gordon e¢ al. 1943a, 19436) the partition 
method has not been used for the analysis of the 
more complex proteins. The author has made 
extensive use of it for the analysis of many proteins, 
and the procedure as suggested by the Leeds 
workers has not been modified except in minor 
details. Certain anomalous results have been 
obtained, however, and suggestions are made to 
overcome such difficulties that may arise. 


G. R. TRISTRAM 


EXPERIMENTAL 


Reagents used. 1. Acetic anhydride. The analytical re- 
agent should be distilled before use (20 cm. packed column) 
to remove acetic acid and non-volatile impurities which 
may vitiate the acetylation. 


Original. 
mixture 
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4. Cyclohexane. The laboratory reagent contains ben. 
zene in variable amounts; it was not found necessary 
however to remove this before use. 

5. Chloroform. All grades of reagent were washed free 
from ethanol and distilled before use. 

6. Indicators. (a) Methyl orange (henceforward referred 
to as M.O.). The solution used was 0-015% in aqueous 


Phenylalanine 


Leucine(s) 
Valine 
Methionine 
Proline 


Tyrosine 


Diagram 1 


Original 
mixture 


9 


2 


§ 


| ——_—_————_———__ Phenylalanine 


I; 
1:2 <csnliaibiiati Leucine(s) 
t b q i 
le l 1: § / one 
‘ , Methionine 
a 
OO 


Tyrosine 
Proline 


Alanine 


Diagram 2 


Original 
mixture 


Phenylalanine 
Leucine(s) 
Valine 
Methionine 
Tyrosine 
Proline 


Alanine 


Diagram 3 


Numbers on diagrams indicate the fractionation sequence (see Gordon et al. 1943). 


Solvent mixture (v/v) 
Code (saturated with water) 
. CHCl,-17 % butanol 
+ CHCI,-2% n-butanol 
t Ethyl acetate 


§ Cyclohexane-5 % n-propanol 
\| Cyclohexane-30 % n-propanol 


2. n-Butanol. The reagent grade of solvent may contain 

Ca++. It should be distilled (40 cm. packed column) and the 

fraction boiling at 116-117° (760 mm.) collected for use. 
3. n-Propanol. The technical solvent is reasonably pure 


and should be fractionally distilled b.p. 97°) before use. 


Code 
used in 
text 


CB,, 


Indicator 
ARR 

CB, M.O. 

Et,, ARR 

P, ” 

P39 ” 


solution. (b) Alphamine Red-R (referred to henceforward as 
ARR). Described by Liddell & Rydon (1944) under the 
name Indicator R-NH,. These workers have agreed to, and 
are responsible for, the change of name to facilitate 
abbreviation. 
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Hydrolysis of the proteins. The proteins were hydrolyzed 
by the procedure adopted as standard by Chibnall and his 
co-workers, viz. protein was allowed to dissolve in 5 vol. 
conc. HCl (A.R. A 1-18) at 37°. The solution was then 
heated under reflux on a boiling water-bath until frothing 
ceased. The acid was then diluted to constant boiling 
mixture (5-5N) by the addition of water, and hydrolysis 
brought to completion by boiling under reflux for 24 hr. 
Excess acid was removed by repeated concentration in 
vacuo (bath at 45°), the amino-acid solution made to 
volume and samples removed for analysis. 

Preparation of the amino-acids for analysis. The sample 
was adjusted to 2-3 ml. and the amino-acids acetylated by 
the method of Gordon et al. (1943a). The acetamino-acids 
were extracted from the acetylation mixture by the 
chromatographic procedure (Gordon et al. 1943c). In 
preliminary experiments it was found that small amounts of 
H,SO,, sufficient to cause esterification and decomposition, 
were being extracted by the eluting solvent. This was over- 
come by introducing a pad of gel saturated with water 
(5 g. of gel will give a pad 10 mm. in thickness in a column 
4cm. in diameter). In general this effected the removal of 
H,SO, but the following additional precaution was taken: 
5 ml. of water were added to the receiver at the beginning of 
the elution and a sample (1 ml.) of the aqueous solution, 
withdrawn when elution was complete, was tested for 
sulphate. If sulphate was present the aqueous layer was 
removed in a separating funnel, and washed several times 
with the eluting solvent, all the organic solvent being 
filtered through a No. 2 Whatman filter paper. 

The Leeds workers have stressed the need for acidifying 
the acetylate to pH 1-0 to ensure the complete extraction of 
the acetamino-acids. This has been confirmed in the present 
work. If the acetylate was acidified to pH 3-0 for instance, 
the recovery of phenylalanine was quantitative, but the 
recovery of valine and glycine was 30 and 0% respectively. 

The complete removal of ethanol (used in the transference 
of the acetamino-acids to a small flask), butanol and acetic 
acid, is extremely important, and the following drying 
procedure has been adopted. The bulk of the ethanol is 
removed in vacuo (bath at 60°) and the residue then dried 
overnight in a vacuum desiccator at 0-005 mm. The drying 
agents used were anhydrous CaCl, and pellet KOH; the 
use of H,SO, as suggested by the Leeds workers is not 
favoured. 

Fractionation procedure. Gordon et al. (1943a) suggested 
a scheme for the fractionation of the amino-acids'(Diagram 
1). This procedure was used during the early part of this 
work, which was mainly concerned with insulin, and the 
low and variable recoveries of proline from insulin hydro- 
lysates and their attendant control solutions (60-75%) 
were assumed to be due to the small amount of proline 
involved. The satisfactory recovery of somewhat larger 
amounts of proline from edestin and casein controls 
suggested that this was indeed the case, but later analyses 
on lactoglobulin controls, in which the recovery of proline 
was consistently low, made it clear that the procedure was 
not capable of universal application. An alternative 
procedure (Diagram 2) was tested and found to give 
satisfactory recoveries of proline from control solutions 
Tepresenting insulin (95-99%) and lactoglobulin (99-4%) 
hydrolysates. A further procedure (Diagram 3) was found 
to give rather unexpected results which will be discussed 
later. 
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The preparation of silica gel 


The preparation of satisfactory samples of silica gel was 
shown by Gordon et al. (1944) to be difficult and has been 
the main problem encountered in the present work. As 
mentioned above, the ideal gel should not adsorb the 
acetamino-acids, and it was observed by the Leeds group 
that, from this point of view, the properties of any given 
sample of gel appeared to depend upon certain unspecified 
properties of the waterglass, the temperature of precipita- 
tion and, in certain instances, upon the process of ‘ageing’. 
These observations have been confirmed in the present 
work. It has also been observed that the dilution of the 
waterglass with two vol. of water, recommended by the 
above workers, is an important factor. More recently it has 
been noted (Lindley, 1946, and the present work) that any 
adsorption of acetamino-acids which does occur is a function 
of the water content of the gel. Since the gels used in this 
laboratory have been prepared by the method of Gordon 
et al. (19434) or by simple variations of their procedure, it is 
proposed to limit the discussion given below to those factors 
which appear to exert a controlling influence on the 
properties of the gel. 

The purity of the waterglass. It has been observed that the 
properties of silica gel obtained from any one batch of 
waterglass tend to be independent of variations in the 
method of preparation. The reasons for the apparent 
dependence of the properties of the silica gel upon the 
waterglass used were not clear, although it was suspected 
that it was due to the presence of impurities (Fe, etc.) and to 
the state of aggregation of the silica molecules. It has now 
been shown (Isherwood, 1946) that Fe+++ and Al*++, if 
present in silica, interfere with the estimation of organic 
acids, and that the aggregation of the silica molecules is also 
important since silica prepared from silicon halides may be 
highly adsorbent unless it is first aged by standing in HCl and 
also in the dry state for 21 days. It is of interest to note 
that the original batch of waterglass used by Martin and 
Synge in the development of the method contained only 
0-027 % Fe,03. 

The temperature of precipitation. The silica gel should be 
granular to facilitate the drainage of the columns and should 
hold an optimal amount of water without losing its granular 
nature. It has been found that the particle size of the gel 
decreases as the temperature of precipitation increases. At 
the same time the resultant gels show a corresponding 
increase in adsorption of acetamino-acids. A convenient 
method of dilution at a temperature below 8° is as follows: 
the silicate is mixed with one vol. of water and cooled to 0°; 
the second vol. of water is then added in the form of crushed 
ice immediately before the precipitation with acid. When 
the thick stage of the precipitation is reached several 
volume equivalents of ice may be added without ill effect. 

The concentration of the silicate. The dilution with two 
vol. of water appears to be highly critical for the preparation 
of a silioa gel with the required properties. The effect of 
increasing the dilution is similar to, although more pro- 
nounced than, the effect of increasing the temperature. 
Thus the precipitates obtained from a solution diluted with 
four vol. of water tend to assume a gelatinous nature, 
while with five vol. the precipitates are translucent jellies. 

‘ Ageing’ of the silica. The need for ‘ageing’ or otherwise 
is largely determined by the waterglass used. Thus the y gel 
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reported by Gordon et al. (1944) was not ‘aged’ and Dr H. 
Lindley (private communication) has recently prepared gels 
which did not require treatment with dilute acid. In the 
present work, however, ‘unaged’ gels have been invariably 
alkaline and ‘ageing’ by treatment with 0-05-0-1N-HCl for 
12-24 hr. has usually been necessary. If this latter treat- 
ment be prolonged, it may lead to an increase in the un- 
desirable properties of the gel. 

The water content of silica gel. The Leeds group suggested 
that silica gel prepared by their procedure reached satura- 
tion when about 53% (w/w) of water was absorbed on the 
surface of the gel. They recommended that the actual 
amount should be determined for each sample of gel. 
Saturation tests carried out, in the recognized manner, in 
this laboratory invariably agreed with the amount stated 
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Gordon et al. (1944) have suggested that each batch of 
gel be submitted to the following standard test: ‘A mixture 
containing 3 mg. each of acetylphenylalanine and acetyl. 
leucine is subjected to analysis on a column (1 cm. diam.) 
containing 3 g. of the gel under test with CB,, CB, or CB, 
as the developing solvent and M.O. as the indicator. The 
sum of the values should agree within 2% of the theoretical 
and the recovery of acetylphenylalanine should be at least 
99%.” ; 

This test was used in the present work until it was found 
that certain samples of gel, apparently normal according to 
the test, gave unsatisfactory results when a more complex 
mixture of acetamino-acids was employed. The results with 
one such gel (A) are recorded in Table 1 together with the 
recoveries when a normal gel (B) was used. 


Table 1. The determination of the efficiency of silica gel 


(a) The efficiency test of Gordon et al. (1944). 
(b) The efficiency test used in the present work. 


o/ 
Recovery (% 
A 





aoe 
Gel A exhibiting specific 


Gel B with normal 





adsorption properties 
Wt. taken c —A~— ~ c — \ 
Acid (mg.) (a) (d) (a) (b) 
Acetylphenylalanine 3-2 102, 98 100, 102 99, 98 103, 99 
Acetylleucine 3-1 97-5, 101 98, 97 102, 101 97, 99 
Acetylvaline 2-8 — 77, 79 —_ 96, 96 
Acetylproline 2-7 — 64, 83 — 96, 97 
N-Acetyltyrosine 2-9 — 94, 101 —_ 98, 98 
Acetylalanine 3-1 -- 82, 87 — 98, 99 
Acetylglycine 3-0 — 65 — 96, 95 


above, Lindley (1946), however, has recently noted that a 
sample of gel would absorb 75 % of its weight of water. With 
this amount of water the recovery of acetamino-acids was 
normal. If, however, the water content of the acetamino- 
acids was reduced to 53% the recovery of acetamino-acids 
was irregular. Experiments in this laboratory confirmed 
this finding and indicated that little reliance could be placed 
on saturation tests. Three samples of a gel were placed in a 
saturated atmosphere, the original water contents being 
adjusted to 5, 50 and 75%. At the end of 14 days the water 
contents were 10, 50 and 74% respectively. The gels were 
then allowed to stand in the laboratory, when the water 
contents fell to 7, 30 and 35% respectively in 5 days. Three 
further samples of the gel containing 50, 75 and 85% water 
were then tested out with acetamino-acids. The recovery 
was irregular in the first case and normal in the remaining 
two samples, although the one containing 85% water 
showed a tendency to crack when left without a head of 
solvent. With a gel containing 50% water the R value of 
acetylalanine increased to 0-45-0-5, but with gels containing 
70% water the value was normal (0-35). A sample of gel 
known to be highly adsorbent was next tried and showed 
only slight improvement with increasing water content. 
It was found to contain considerable amounts of Fet++. 

It would appear from these experiments that, for a gel 
free from iron, the water content must be increased to an 
optimal point at which adsorption is reduced to a minimum 
while the silica still retains its properties as a powder. It 
has been found that the recovery of acetamino-acids from 
gels prepared by the method of Isherwood (1946) is also 
dependent upon the water content. 


The standard procedure now in use is to subject a repre- 
sentative mixture of acetamino-acids to analysis and to 
reject all gels which give recoveries for each constituent of 
less than 95%. 

Gels prepared by the procedure of Isherwood (1946). This 
worker has radically changed the method of preparation 
by making use of 10N-HCl for the removal of impurities 
(Fe and Al). The washed gel is then dried with ethanol and 
ether and allowed to stand for 21 days when the treatment 
with HCl is repeated. The use of large excess of HCl was 
tried in this laboratory and the resultant gels were highly 
adsorbent and extremely acid, which suggests that the 
period of standing is probably a critical factor. A gel pre- 
pared by Isherwood was tested and, although very acid, 
gave good recoveries from a simple mixture of acetyl- 
phenylalanine, acetylproline and acetylalanine, but when a 
mixture representing a complete hydrolysate was used, the 
recoveries were similar to those obtained with a gel pre- 
pared by the normal method, with certain isolated values 
erratic. Isherwood suggests that the gels prepared by his 
technique should be saturated with 100% of water. It was 
found that in this condition they are liable to crack and 
channel and that the indicators are not so firmly bound to 
the silica. With Solvent CB,, for instance, considerable 
amounts of ARR appeared in the filtrates. 


The preparation of control mixtures 


It is generally thought that the destruction or modification 
of certain amino-acids occurs more readily at the time of 
their actual liberation from the peptide chain than when 
they are present as the free amino-acids. With this limitation 
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the use of control mixtures can be of great value in demon- 
strating the accuracy and specificity of analysis and in 
aiding the assessment of the losses of those amino-acids 
(e.g. serine, tryptophan) which are known to be unstable in 
hot acid solutions. In addition it is possible, when using 
control solutions representing complete protein hydroly- 
sates, to assess the effect, if any, of the amino-acid mixture 
on the estimation of any one particular amino-acid. 

The compositions of the control mixtures (Table 2) used 
in this work, and by Rees (1946), are based mainly upon 
analyses carried out in this laboratory; certain of the 
monoamino-acid values used were taken from preliminary 
experiments and may differ slightly from those finally 
quoted. What appeared to be the most reliable value in the 
literature was used when no such analyses were available. 
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RESULTS OF ANALYSIS 


The results obtained in the present work have been 
classified into two groups, (1) those in which the 
analysis is based on the recoveries obtained with an 
ad hoc control mixture (Table 4) and (2) those for 
which no ad hoc control analysis has been made 
(Table 6), where the recoveries are based on the 
mean values found for the four control mixtures 
used for the proteins in group 1. Needless to say 
the results given in Table 6 must be regarded as 
provisional, especially those for zein, gelatin and 


Table 2. Composition of the ad hoc control mixtures 


A. mg. of amino-acid or salt in the mixture which represents 1 g. of the protein concerned. 


B. N as % total protein-N represented. 














Insulin Edestin Casein Lactoglobulin Horse haemoglobin 
c= - —— \ c ; ee —— ~. ¢ ~ ae 
Amino-acid (A) (B) (A) (B) (A) (B) (A) (B) (A) (B) 
dl-Phenylalanine 80-9 4-41 59-5 2-71 64-5 3-5 43-0 2-34 79-0 4-0 
dl-Leucine 109-0 7-5) 85-5 4:89) 105-5 7-2 162-0 ‘mn 160-0 100 
dl-Isoleucine 47-5 3-25) 35-0 2-0 53-0 3-6) 83-5 5-752) 
dl-Valine 75-0 5-76 47-6 3-05 60-0 4-6 54-0 4-15 79-5 5-65 
dl-Methionine 0-0 0-0 23-4 1-18 35-0 2100 32:0 1-94 9-5 0-53 
I( -)-Proline 25-5 2-0 35-5 2-32 105-5 8-2 55-0 4-28 39-0 2-8 
I -)-Tyrosine 131-0 6-49 43-5 1-800 63-0 3-199 38-0 1-87 52-0 2-4 
; dl-Alanine 46-0 4-66 43-0 3-64 32-0 3-2 65-0 6-56 74-0 6-9 
Glycine 43-0 5-16 38-0 3-80 4-2 0-5 19-0 1-59 = 
dl-Tryptophan 0-0 0-0 15-0 1-09 13-7 1-2 19-5 1-71 22-0 1-8 
\ -)-Cystine 125-0 9-36 14-5 0-90 4-1 0-300 340 2-539 10-2 0-712) 
| -)-Hydroxyproline 0-0 0-0 20-0 1-15 22-0 1-5 0-0 0-0 — — 
dl-Serine 52-0 4-48 63-0 4:51 59-0 5-0 39-0 3-34 58-0 4-60 
dl-Threonine 21-0 1-57 38-5 2-43 45-5 3-4 51-0 3-85 43-6 3-05 
+)-Glutamic acid 232-0 11-39 257-0 10-54 275-0 13-48 269-0 13-15 148-5 6-75® 
(HCl) 
dl-Aspartic acid 57-0 3-84 120-0 6-77 67-0 4-58) 99-0 6-66 148-5 9-32 
dl-Lysine (HCl) 31-0 3-01 29-6 2-44 103-0 10-1 140-0 13-8 96-0 9-4 
I -)-Histidine 49-0 8-50 29-0 4-2 32-5 5-6 15-5 2-68 79-0 12-7 
+)-Arginine (HCl) 36-0 6-2 202-0 —- 28-85 49-0 8-3 35-0 5-95 44-0 6-95 
Amide ((NH,),SO,) 65-4 8-9 83-5 9-49 67-0 9-1 50-0 6-85) 37-0 4-66 
As % total protein-N 96-48 97-76 98-4 99-68 92-22 


(1 


2) Brand, Saidell, Goldwater, Kassell & Ryan (1945). 


Fiirth & Minnibeck (1932). 
Includes 0-82 % cysteine-N (11 mg. cysteine). 


) 

) Abderhalden (1903). 
) 

) 

) Williamson (1944). 


3 
4 
5 
6 
7 


(: 
( 
( 
( 
| 
(8) Bailey, Chibnall, Rees & Williams (1943). 
(9) Chibnall (1942). 

In the case of the control mixture representing horse 
carboxyhaemoglobin the monoamino-acid composition is 
based upon experiments now known to have been somewhat 
unsatisfactory (the silica gel in use at the time was later 
shown to be adsorbent) and the values quoted should be 
regarded as only approximate. 

All the amino-acids were checked for purity by analysis 
and in most instances by the use of paper chromatography 
(Consden, Gordon & Martin, 1944). The protein samples 
used were those recorded by Macpherson (1946). 


(1 
(1 
(l 


Leucine-isoleucine ratios determined by Dr Sutherland (private communication). 


Dr Gordon from paper chromatograms (private communication). 


0 
1 
2 


) Lugg (1938). 
) Ryan & Brand (1944). 
) Kuhn, Burkofer & Quackenbush (1939). 


collagen, in which the amino-acid composition is 
widely different from that of any of the proteins of 
group 1. Chibnall (1946) reported values for certain 
of the proteins which may differ slightly from the 
final values recorded in Table 4. The modified 
values are due to the incorporation of additional 
results. The additional experience has not borne out 
the earlier claim (Chibnall, 1946) that the method 
was generally accurate to + 2%. 
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Table 3. Recovery of the monoamino-acids from control mixtures after ‘hydrolysis’ 


(Figures in parenthesis indicate the number of ‘hydrolyses’ carried out.) 


A. mg. N taken (see Table 1). 


B. mg. N recovered, each value being an independent acetylation. 
C. Mean recovery with standard deviation. 


D. Mean recovery as % (C/A). 


Phenylalanine Leucine(s) Valine 


Proline Tyrosine Alanine 


Insulin (5) 


0-418 

0-429, 0-391 

0-433, 0-433 

0-418, 0-429, 0-391 

0-418+0-017 
100+4 


0-172 

0-163, 0-184, 0-160 

0-162, 0-165, 0-172 

0-165, 0-172 

0-168 +0-007 
97-8+4 


, 0-218 
, 0-210 
, 0-208 
EO 005 
2-4 


eee??? 
bo bo bo by bo 
7 bom © bo 
a 


No} 
or 
He i 
to 


0-181 

0-192, 0-174 

0-172, 0-188 

0-181, 0-181 

0-181 +0-007 
100+4 


0-078 

(0-052)* 

0-771, 0-741 

0-771, 0-78 

0-0766 40-015 
98-342 


0-253 

0-239, 0-238 

0-261, 0-239 

0-263, 0-253 

0-249+0-011 
98-5+4-5 


Edestin (1) 


126 0-32 0-142 
125, 0-136, 0-132 0-32, 0-291, 0-294 
131 +0-005 0-302 +0-013 
104+3-8 94-444-3 


0- 
0- 
0- 


0-129, 0-132, 0-142 


0-17 

0-168, 0-167, 0-167 

0-167 +0-0002 
98-6+0-1 


0-108 

0-098*, 0-101 

0-099 +. 0-0015 
92-74+1-5 


0-084 

0-084, 0-08, 0-079 

0-081 + 0-002 
96-5+.2-5 


Lactoglobulin (1) 


0-655 
0-663, 0-619, 0-648 


0-091 
0-091, 0-096, 0-091 


0-093 + 0-002 
102-242 


0-64+0-02 


+ 0-004 
98-243 2-2 


, 0-151, 0-159 (0-133)*, 0-160, 


0-167 0-073 2 j 
0-073, 0-071, 0-070 
0-170, 0-167 
0-166 + 0-004 
99-3+42-4 


0-071 + 0-002 
97-342-8 


Casein (1) 


0-424 
0-396 
93-3 


0-180 
0-174 
96-3 


A 0-137 
3 0-139 
D_ 101-5 


Mean of all controls: 
101-4+2-6 95-5+1 


96-543-4 


0-121 
0-121 
100 


0-321 

0-305,* 0-305 
95-0 
98-1+1-8 


96-343-3 99-541 


* Values obtained by the procedure outlined in Diagram 1. Values in parenthesis are omitted from the mean. 


{ Single determination. 


The analyses of the control solutions are quoted 
in full (Table 3) in order to show the amounts of N 
involved and to indicate the normal variation 
which is to be expected in replicate analyses. 
Replication of analyses is necessary in order to 
deduce a mean value because, unlike the determina- 
tion of, say, total N, the highest value cannot be 
regarded as more probable than any other value 
within the normal range of recovery. The degree of 
accuracy of the method is not constant for all the 
amino-acids concerned because each acid is subject 
to different possible errors. It is proposed therefore 
to discuss the amino-acids individually, with special 
emphasis on the two proteins most extensively 
studied, insulin and edestin. 

Phenylalanine. Acetylphenylalanine is the first 
fraction on CB, and its separation from the following 
acetylleucine(s) fraction is not easy, and mutual 
contamination of the two fractions may occur 
frequently. This is reflected in the recovery of the 


two acids quoted in Table 3 in which it is clear that 
a low recovery of phenylalanine is usually accom- 
panied by excessive N in the leucine fraction and 
vice versa. Being the first fraction, acetylpheny]l- 
alanine is usually contaminated with products 
resulting from breakdown of the amino-acids 
during hydrolysis and/or acetylation, which must 
be eliminated by refractionation on P;. Silica gel 
has been found to contain, on occasions, a gummy 
material which is extracted by CB, and which 
appears in the acetylphenylalanine fraction, but 
with care this material may be removed on P;. 

In all the control solutions studied the recovery 
of phenylalanine has been 98-104 %, the standard 
deviation from the mean recoveries being 3-8 % and 
4 %, for edestin and insulin controls respectively. 

Leucine isomers. The recovery of leucine(s)}— 
unfortunately the two isomers cannot be differ- 
entiated—is, as stated above, bound up with the 
recovery of phenylalanine. The difficulty of effecting 
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Table 4. T'he monoamino-acid composition of insulin, edestin, casein and B-lactoglobulin (Group 1) 
(Values quoted are N as % protein-N). 
The figures in parenthesis indicate the number of hydrolyses carried out. 
A. No. of acetylations (n). 
B. Range of values where more than 3 values. 
Sd? 
C. Mean of values with standard deviation J = : 
D. Mean recovery from appropriate control mixture. 
E. Mean value after correction. 
Phenylalanine Leucine(s) Valine Proline* Tyrosine Alanine 
Insulin (5) 
A 12 13 7T 4t 11 11 
B 41-45 10-4-11-2 5-4-5-9 1-84-2-04 5-4-6-6 4-0-4-9 
C 4-34+0-15 10-95+ 0-27 5-7+0-17 1-94+0-1 5-97 £0-33 4440-24 
D 97-8 100 95-5 98-3 98-5 100 
E 444 10-95 5-97 1-98 6-0 4-4 
Edestin (2) 
A 7 7 6 6 6 8 
O1l7i Bo 23-31 6-1-7:3 2-84-3-2 2-1-2-7 1-8-2-0 3-43-9 
- C 2-67 +.0-25 6-7 +.0-37 2-92+0-13 2-38 +0-25 1-86+0-12 3-60+0-21 
D104 94-4 94-5 92-7 96-5 98-6 
E 2-6 7-1 3-1 2-6 1-9 3°65 
' Lactoglobulin—Hydrolysis 1 (see text) 
0-254 A 3 2 2 3 2 3 
B 2-0, 2-5, 2°5 17-0, 16-7 4-0, 4:5 2-9, 2-9, 3-2 1-9, 1:9 6-0, 5-6, 6-4 
C 2-33 16-85 4-25 3-0 1-9 6-0 
D 102-2 98-2 95-8 c. 80 97-3 99-3 
E 2-28 17-15 4-44 3-75 1-95 6-05 
Lactoglobulin—Hydrolysis 2 (see text) 
A 3 3 3 3 3 3 
B 2-4, 2-4, 2-25 13-4, 12-5, 13-4 4-2, 3-9, 4-5 4-1, 4-4, 4-2 1-86, 1-9, 1-83 5-7, 6-1, 6-35 
C 2-35 13-1 4-2 4-23 1-86 6-03 
D 102-2 98-2 95-8 99-3 97-3 99-3 
E 2-30 13-3 4-4 4-25 1-91 6-07 
Casein (2) 
A 4 2 4 ft 4 4 
B 3°35-4-0 9-7, 10-3 4-25-4:31 75-79 2-7-3-0 3-1-3-7 
Cc 3-67 10-0 4-27 7-7 2-85 3-5 
that} D 101-5 . 933 96-3 95 100 100 
E 3°62 10-74 4-45 8-13 1-85 35 
om- 
and * Nine additional values (6-0-6-8 %) rejected (see text). 
nyl- + Eleven additional values (0-9-1-8) rejected (see text). 
{ See the text for a discussion of the proline values. 
uct 
_ the separation of the two fractions is inherent in the From Diagram 1 it can be seen that a portion of 
= method. It means that the application of a correc- the leucine(s) is always found in the following 


gel tion factor is somewhat arbitrary since it cannot be fraction (valine, etc.). Martin & Synge (personal 


er assumed that the contamination, if any, will be in communication) have ascribed this to tailing, but in 
re the same direction in the analysis of the control the experience of the present worker the amount of 
. solution as in the analysis of the protein hydrolysate. leucine recovered from the valine fraction is fairly 


constant and is independent of the properties of the 


When the values are required for such a purpose as 
gel. It is possible therefore that factors other than 


“ry | a nutritional assay this point will not be of great 


we importance. When a higher accuracy is required for _ tailing control this anomalous behaviour of acetyl- 
such purposes as structural analysis, it is necessary _ leucine. 

to carry out a large number of analyses so as to Valine. The recovery of valine has been relatively 

a counterbalance the contamination as far as possible: constant (93-98 %) in all the control mixtures 

the this has been done in the.case of insulin and studied. The main difficulty has been in the separa- 
edestin. tion of valine from methionine. The methionine 


ing 
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content of proteins is usually low and the weak 
acetylmethionine band may become so diffuse and 
indistinct by the time it approaches the foot of the 
chromatogram that a separation of the fraction 
from valine becomes very difficult. The difficulty is 
enhanced by the slow rate of drainage of cyclo- 
hexane-propanol columns which means, almost 
without exception, that the fractionation has to be 
halted overnight. This difficulty may be overcome 
by using an intermediate solvent Pj) (cyclohexane- 
10% n-propanol) when the R values are approxi- 
mately twice those on P;. The comparative results 
quoted in Table 8 suggest that, in general, the 
valine has been estimated with a fair degree of 
accuracy. 

Mention must be made of the valine fraction of 
insulin. In the early experiments on this protein, 
M.O. was the only available indicator. The value 
then quoted for valine was 6-5—6-8 % (N as % total 
N). When ARR became available it was observed 
that the valine fraction was closely followed on P; 
by a second band (a band also present in acid- 
treated control mixtures). The artefact represented 
0-5-1-0 % of the total N and the valine content was 
found to be 5-4-5-9 % of the total N, a value some- 
what lower than that found by microbiological 
assay. 

Methionine. Gordon et al. (1943a) reported that 
methionine could be estimated by partition 
chromatography and a value for the methionine 
content of wool was reported. The values obtained 
for methionine in the present work have been most 
disappointing. It can be seen from Table 5 that the 
recovery of methionine from edestin hydrolysates 
has been quantitative, but that low and variable 
recoveries have been obtained from casein and 
lactoglobulin hydrolysates. Similar results were 
obtained with the corresponding mixtures. 


Table 5. The estimation of methionine 


(Values quoted are N as % protein-N.) 


Casein Lactoglobulin Edestin 
Found in protein 1-4 0-8-1-3 1-18 
hydrolysate 
Recovery from control 66 30-64 100 
solutions (%) 
Corrected value 
Methionine content 
(Chibnall, 1946) 


No definite explanation has yet been found for 
these vicarious recoveries, although the following 
observations may be noted. 


(a) It is possible to recover acetylmethionine quanti- 
tatively from the chromatogram when this acid alone is 
subjected to the normal procedure. 
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(6) Acetylmethionine is recovered quantitatively from a 
solution of amino-acids representing the monoamino-acid 
fraction only of lactoglobulin. 

(c) The recovery of methionine from control solutions 
representing the complete hydrolysate of lactoglobulin 
varies between 30 and 64%. 

(d) When acetylmethionine equivalent to 5% of the total 
N was added to a lactoglobulin hydrolysate after acetyla- 
tion, the recovery of methionine-N was 2-1 instead of 
69%. 

(e) These findings have been obtained with gels which had 
been tested by the procedure outlined above. 


It has already been suggested that the amino- 
acid mixture and the analytical procedure may 
affect the recovery of the amino-acids (e.g. proline). 
This may be the explanation for the anomalous 
behaviour of methionine. So far no alternative 
analytical procedure has been found which would 
give a more satisfactory recovery. Fortunately 
methionine may be estimated by alternative 
methods and the problem is therefore not of great 
moment. 

Proline. In the earlier experiments with insulin 
the variation in the proline values (0-9-1-8) 
obtained by the scheme of analysis (Diagram 1) was 
ascribed to experimental difficulties in treating the 
small proline fraction. Much the same view was 
taken of the low recoveries from the control 
solutions representing insulin hydrolysates. The 
improved recovery of proline from casein (7-9% 
N as % total N) and edestin (2-6%) and their 
attendant controls, seemed to be additional con- 
firmation of this view. However, in experiments 
on lactoglobulin controls (originally designed to 
investigate the low recovery of methionine), it was 
found that, using the original procedure (Diagram 1), 
the recovery of proline was about 84%. When the 
procedure was modified to that given in Diagram 2, 
the recovery of proline increased to 95-103%. 
Similarly the changed procedure increased the 
proline content of lactoglobulin from about 3:0% 
(N as % total N) to about 4:3%. Repeat analyses 
have now been carried out on insulin and the 
corresponding control solution; the results confirm 
the above observation. Repeat analyses carried 
out on casein and edestin did not yield increased 
values. The obvious conclusion is that the recovery 
of any particular amino-acid may be affected by the 
composition of the mixture in which it is present, 
and depends to some extent upon the solvent 
system employed (see discussion). This point is 
illustrated by the observation that when ethyl 
acetate (Diagram 3) is used as the primary solvent, 
alanine and proline, instead of appearing together in 
the second fraction, R 0-2 (Gordon et al. 1943a), the 
proline is always found (at least in the amino-acid 
systems so far studied) in the fraction R 0-1. If, 
however, the alanine and glycine fractions are first 
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removed with CB,, (i.e. Diagram 2) the proline then 


moves at the correct rate on Etage. Using the 
modified procedure (Diagram 2) the recovery of 
proline has been 93-99 % in all the control mixtures. 

Tyrosine. The recovery of tyrosine from control 
solutions (Table 4) has been satisfactory. The 
occasional high recovery is probably due to the 
incomplete removal of an artefact band during the 
purification of tyrosine on cyclohexane-propanol. 
The recovery of tyrosine from protein hydrolysates, 
however, has shown wider fluctuations. This may 
be due to variations in the breakdown of tyrosine 
which is known to occur on acid hydrolysis of the 
protein. 

Alanine. Whilst the recovery of alanine from all 
the control solutions studied has been satisfactory 
it has been necessary to exercise especial care in the 
separation of this amino-acid on the chromatogram. 
It was observed that insulin hydrolysates and the 
‘hydrolyzed’ control solutions contained two bands 
R 0-33 and R 0-45 which caused considerable con- 
fusion until it was found that, with 50% water on 
the gel, the R value of alanine was 0-45, and that 
this value fell to 0-35 (the normal value reported by 
Gordon et al. 1943a) when the water content was 
increased to, say, 70%. For this reason it is 
recommended that the R value of acetylalanine be 
checked for each sample of gel used. (This will be 
done as part of the routine test on silica gel sug- 
gested above.) The possible occurrence of a similar 
artefact in other hydrolysates should always be 
borne in mind. 

In the above discussion no mention has been 
made of the occasional value which was obviously 
fortuitously high or low. In the three years in which 
this method has been in use in this laboratory, such 
results have been obtained when there was no reason 
to suspect any experimental error. It is therefore 
essential that all analyses should be done at least in 
triplicate and that each estimation should be based 
on an independent acetylation. 
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lysates. These findings cannot be due to simple 
tailing, because, in the case of methionine, the lost 
N cannot be detected in any other fraction and in 
the instance of proline on ethyl acetate the R value 
of the entire fraction has been changed. So far as is 
known the anomalous behaviours of proline and 
methionine are independent of the silica gel and it 
has been observed in preliminary tests on gels 
prepared by Isherwood (1946) that the behaviour 
of proline is similar to that reported above. These 
two amino-acids are the only ones that have been 
found, so far, to give anomalous results, but the 
observation emphasizes the necessity for using 
ad hoc control mixtures in all protein analyses where 
high accuracy is desired, especially when the 
composition of the protein is abnormal. 

One further observation is worthy of note. It has 
been the usual practice to check the titration of the 
acetamino-acids by estimating N in the neutralized 
solution in order to detect the presence of organic 
acids, which may arise either from decomposition 
of the protein itself during hydrolysis, or from 
impurities present in the original protein prepara- 
tion. It has been observed, however, that on 
occasions, even in the analysis of ad hoe control 
mixtures, the two values showed divergence. 
Usually the Kjeldahl value was higher than the 
carboxy] titration. A possible explanation is that 
the indicators are leached and that in the case of 
ARR, which is an ammonium salt, hydrolysis has 
occurred with the liberation of ammonia. In the 
instances in the present work where such a difference 
has occurred it has been customary to accept the 
carboxy] titration provisionally and to repeat the 
estimation. 


DISCUSSION 


Gordon e¢ al. (1943a) suggested that the chromato- 
graphic method should give values with an 
accuracy of 5 %, and added that this accuracy might 
be increased by the use of ad hoc control mixtures. 


Table 6. The monoamino-acid composition of various proteins (Group 2) 


(Values quoted are N as % protein-N.) 


Standard 
correction 
(see Table 3) Zein 

No. of analyses _ 
Phenylalanine 101-4 3-1 
Leucine 96-5 14:8 
Isoleucine } 
Valine 95-5 2-6 
Proline 96-3 7-9 
Tyrosine 98-1 1-9 
Alanine 99-5 10-2 


Anomalous findings. Attention has already been 
called to the behaviour of proline and to the 
inability to recover methionine from certain hydro- 


Gliadin Ovalbumin Gelatin Collagen 

2 4 2 2 

3-1 40 1-2 1-9 
7-2 10-8 3-1 3-2 
1:8 3-5 2-5 2-2 
9-2 2-5 10-0 99 
1-4 1-9 0-5 0-6 
1-9 6-7 8-1 8-0 


The desired accuracy will, of course, depend upon 
the purpose of the analysis. Thus for nutritional 
assay an overall accuracy of 10% will probably 
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suffice and it will therefore be unnecessary to 
carry out rigid control experiments. When, however, 
the values are required for purposes such as the 
estimation of the number of residues of the amino- 
acid(s) in the minimum molecule, it is clear that a 
higher order of accuracy will be necessary. The 
required limits of accuracy, which will depend 
upon the number of residues of any particular 
amino-acid in the minimum molecule, are illustrated 
in Table 7. For the purposes of calculation it has 
been assumed that, if n is the number of residues of 
the amino-acid in question, then. the maximum 
permitted variation in the values will be +0-4/n. 
For example, the minimum molecule of insulin 
(12,000) contains six residues of phenylalanine 
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recovery of the amino-acids from control solutions 
representing hydrolysates of this protein was 
satisfactory. 

From Table 7 it is clear that, in the case of 
insulin, the analysis of the control mixture has 
given recoveries within the limits defined above 
(i.e. 2+ 0-4/n) and that this accuracy has also been 
realized in the analysis of the protein hydrolysate. 
In this case therefore the application of the 
correction factors to the mean values obtained for 
the various amino-acids appears to be fully justi- 
fied. In the analysis of the control solutions 
representing edestin a similar degree of accuracy 
has been observed, but it is clear that, with the 
general increase in the number of residues in the 


Table 7. The accuracy required in amino-acid analysis when estimating the number of residues 
in the protein (sub-) molecule 


(1) Assumed number of residues (Chibnall, 1946). 
(2) Required accuracy (%), see text. 

(3) Accuracy observed in control experiments (%). 
(4) Accuracy observed in protein analyses (%). 


Insulin 


Edestin 





. 
(1) 2 3) 

Phenylalanine 6 

Leucine(s) 14 

Valine 8 

Proline 3 

Alanine 6 


(Chibnall, 1946) and the values will thus have to be 
within +6-7% (+0-4/6) of the actual value if the 
number of residues is to be put at 6 and not 5 or 7. 

Evidence obtained in the present work suggests 
that the precision is very dependent upon the 
properties of the silica gel in use. Even with an 
efficient gel occasional fortuitously high or low 
values may be obtained and the recovery of 
acetamino-acids from the control solutions may not 
show close duplication. For this reason it is con- 
sidered that a single control experiment cannot be 
used to correct single values obtained simul- 
taneously on the protein hydrolysate, but that, as 
far as possible, the statistical approach should be 
adopted. In this way it is possible to eliminate any 
such fortuitous results as may be obtained and to 
deduce the mean amino-acid content of the protein 
hydrolysate. It is clear from the literature that this 
procedure has been adopted by the more critical 
workers in the microbiological assay of the amino- 
acids (cf. Table 4; Dunn, Camien, Shankman, 
Frankel & Rockland, 1944; Ryan & Brand, 1944). 

It is not proposed to include casein and f- 
lactoglobulin in the discussion of the probable 
accuracy of the method because the values obtained 
for the former protein are few in number. In the 
latter case certain difficulties were encountered in 
the analysis of proline and leucine, although the 
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(4) (1) 
18 
48 
21 
16 
24 
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edestin submolecule, this accuracy is not generally 
satisfactory. With hydrolysates of edestin, values 
have shown variations of as much as 10%. In this 
case two factors may be concerned: 


(a) Most of the analyses on insulin and its control 
solutions were carried out in the early stages of this work. 
The samples of silica then being used were very satisfactory, 
and their preparation was a routine matter. More recently, 
however, the preparation of silica gel with satisfactory 
properties has become difficult and it is now apparent that 
gels which appeared at the time to be satisfactory by the 
phenylalanine-leucine test were actually adsorbing the 
more hydrophilic acetamino-acids. Unfortunately certain 
of the edestin values were obtained on gels which may have 
been partially adsorbent, nevertheless all values have been 
included in the calculation of the mean in order not to 
suggest what might be a fictitiously high degree of accuracy. 

(b) It has been observed that the recovery of amino-acids 
from simple control solutions is less erratic than from 
solutions representing complete protein hydrolysates, 
particularly when tryptophan was present. (Insulin does 
not contain tryptophan, methionine or hydroxyproline.) 


So far the accuracy of the method has been 
judged by the analysis of control solutions repre- 
senting the various proteins under examination. 
This procedure, whilst enabling an estimation to be 
made of hydrolytic (other than those of fissional 
origin) and manipulative losses, cannot show up any 
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inherent error in the method of analysis itself. 
Thus if the apparent quantitative recovery of the 
various fractions is the result of a cancellation of 
errors, then although both protein hydrolysate and 
control solution will be equally affected, the method 
cannot be regarded as fully satisfactory, particularly 
if a second method is available which is not so 
affected. 

A second method of approach is to compare the 
values obtained for any well-characterized protein 
with those obtained by other methods, preferably 
those which make use of entirely different principles 
of analysis. This aspect of the present work has 
taken on added importance with the intense 
development of the microbiological assay of amino- 
acids. Apart from isotope dilution, which has only 
been applied in very few instances, and which, by 
virtue of requiring the isolation of a pure sample of 
the amino-acid (or of a derivative), perpetuates 
some of the difficulties of the older gravimetric 
methods, it is the only reasonably satisfactory 
procedure with which to compare the micro- 
biological assay of the simple monoamino-acids. 
The value of the comparative approach was realized 
by Ryan & Brand (1944) who stated that ‘In a 
conservative approach we would refrain from 
considering such microbiological values as signifi- 
cant without other confirmations such as com- 
parisons with dependable data in the literature’. 

This point has been illustrated by Chibnall 
(1946), who compared the glutamic acid content of 
various proteins as obtained by gravimetric 
analysis and microbiological assay, and showed that 
when the values obtained by the latter procedure 
were low, this might be explained by the presence 
of d(—)-glutamic acid in the protein hydrolysate. 

In general the values obtained: by microbiological 
assay and partition chromatography are in close 
agreement (Table 8), although comparison is still 
limited to a few proteins. It is nevertheless not yet 
possible to regard all the values as final because 
certain of those obtained in the present work have 
no doubt been affected by the unwitting use of un- 
satisfactory samples of silica gel. Similarly, the 
variations in the microbiological values suggest that 
the method is still in the process of development 
and that it is not yet possible to define the limits of 
its accuracy. 

If protein hydrolysates, but not the ‘hydrolyzed’ 
control mixtures, contain artefacts which affect the 
method of analysis, then the application of control 
recoveries to the protein hydrolysate is not strictly 
valid. Many of the errors encountered in the present 
work are no doubt due to the presence of such 
artefacts of hydrolysis, and there is every reason to 
suppose that other methods of analysis, such as 
microbiological assay, will also be affected. Indeed 
the values so far obtained by microbiological assay 
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certainly suggest that the method is subject to 
errors of this kind. In fact these values indicate 
that, whatever the ultimate advantage, the micro- 
biological is at present no more precise than partition 
chromatography. Thus Dunn, Camien, Shankman 
et al. (1944) who, incidentally, unlike many workers 
in this field, have used ad hoc control mixtures. to 
increase the precision of the assay, reported that in 
the assay of lysine (by means of Leuconostoc 
mesenteroides Py) in control mixtures the re- 
coveries varied between 87-7 and 114-0 %, although 
the mean of 16 values was 100-6%. Similarly the 
assay of lysine in casein hydrolysates gave values 
ranging between 6-93 and 9-0%. In the latter case 
the mean was unaffected by the omission of the 
extreme values. Table 7 also includes some values 
obtained by chemical methods. Whilst certain of the 
leucine, isoleucine and valine values are in reason- 
able agreement with chromatographic and micro- 
biological values, they carry such large corrections 
that the methods (ef. Block & Bolling, 19456; 
Mourgue, 1943) must be considered as unsatis- 
factory. 

Attention should be called to two of the values 
reported in Table 8. (1) The chromatographic 
values for the leucine-isoleucine content of lacto- 
globulin are 17-1 and 13-3 % (N as % total N). The 
latter value was obtained in triplicate on a second 
hydrolysate and it is thought that the low value was 
due to incomplete hydrolysis. Shortage of lacto- 
globulin has made it impossible to repeat the 
analysis. (2) The total leucine isomers found for 
insulin by both methods is 10-8 % (N as % total N), 
but the distribution of leucine and isoleucine is 
8-9/1-9 (microbiological) and 7-8/3-2 (chromato- 
graphic separation coupled with the use of infra-red 
analysis). The probable accuracy of infra-red 
analysis will be discussed in a publication dealing 
with the application of the method, but DrG. B. B.M. 
Sutherland (private communication). states that 
the above figure is probably accurate to +5%. 

The unsatisfactory nature of casein as a control 
protein (stressed by Chibnall, 1946) is shown in 
Table 8 by the variations in the values found by 
microbiological assay. The suggestion is put forward 
that in the development of accurate methods of 
protein analysis, it would be preferable to use 
products known to be chemical individuals (e.g. 
insulin and f-lactoglobulin). 

The chromatographic technique is considered by 
the present worker to be potentially capable of 
high accuracy. At present it suffers from several 
handicaps which are not only reducing the precision 
but making the method laborious because of the 
necessity of carrying out replicate analyses. In 
addition, unaccountable false values are found 
which tend to increase the uncertainty in the 
method. The solution to the problem is chiefly 
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Table 8. Comparison of methods for the estimation of monoamino-acids in proteins. 
(Taken in part from Chibnall (1946)) 


Protein 


Casein 


B-Lactoglobulin 


Ovalbumin 


Edestin 


Insulin 


Gelatin 


Amino-acid 


Valine 


Phenylalanine 
Leucine 


Isoleucine* 
Alanine 
Alanine 
Valine 
Phenylalanine 
Leucine 
Isoleucine 
Proline 

Valine 
Phenylalanine 
Leucine } 
Isoleucine | 
Alanine 
Valine 
Leucine 
Tsoleucine* 
Phenylalanine 
Valine 
Phenylalanine 
Leucine 
Isoleucine* 
Proline 
Phenylalanine 
Leucine 
Isoleucine } 
Valine 


(Values quoted are N as % protein-N.) 


Partition 
chromatography 


4-45 
3-62) 
7-2 
3-6 
3-50) 
6-1 
4-45 
2.3) 
17-1 (13-3) 
4-3 
3-5) 
4-9 
10-8 
6-7 
3-1 


5-0 
2-7 
2-6 
6-0 
4-40 
7-30) 
3-20) 
2-9 
1-2, 0-443), 1-90 
3-1, 3-913), 3-904 
2-50), 1-743), 1-504) 


Microbiological assay 
5-12, 3-7), 5-14, 5-6, 4-7), 


5-1, 4.8506) 
2-0, 3-2), 2.6607) 


6-7, 6-2, 6-38, 8-0, 6-8, 


6-795), 6-516) 


3-8), 4-204), 4-18), 4-319), 4-146) 


6-250 

4-479 4.2116), 4.4402) 
1-934, 2-33 
10-68, 10-47 
5-754, 4-791) 

3-2(10) 

5-22, 5-3 

4-26) 

6-6, 6-2, 6-615) 
4-746) 


3-0) 
5-1), 5-6 


1-9) 

6-60D 
4-2(11) 
8-91) 
1-90» 


2-211) 


1-1), 1-46) 


1-95®), 2-16, 2-2, 2-135), 1-940) 


1-01, 1-02, 0-850 
1-6, 1-8, 1-8@, 1-746 


Chemical methods 
3-459 


2-772), 3-358), 2-55 (18) 
11-10 


5-602) 


5-9 + 108) 
2-g(18) 
11-74 2-808) 
4-44.0-48) 





2.g(19) 
2-912), 4.9(18) 
9-419) 
7-2(12) 


4-149) 
3-750 


4-4508) 


1-01-2048) 
2-5-40-3548), 4-109 
0-73 +0-1398 

1-60-7548), 0-909 


10-0, 9-64, 9-704) 
8-1, 8-343), 9.94) 


Proline 
Alanine 
Zein Leucine ) 
Isoleucine | 
Valine 


14-8) 
2-6 


10-345) 


17-00-78 
2-8 40-208 
2-1 + 0-748) 


* Leucine-isoleucine ratios determined by Dr G. B. B. M. Sutherland (private communication). 


(1) Present work. 

(2) McMahan & Snell (1944). 

(3) Hegsted (1944). 

(4) Dunn, Camien, Stockland, Shankman & Gold- 
berg (1944) 

(5) Schweigert (1945). 

(6) Stokes, Gunness, Dwyer & Caswell (1945). 

(7) Ryan & Brand (1944). 

(8) Kuiken, Norman, Lyman, Hale & Blotter (1943). 

(9) Block & Bolling (1945a). 


bound up with the preparation of silica which has a 
high standard of efficiency. This now seems to be 
possible, especially if the apparent effect of water 
(in the absence of iron) is borne out by experience. 

A further improvement might be effected if the 
method could be used in conjunction with a pro- 
cedure, say electrodialysis, which would yield the 
monoamino-acids quantitatively and relatively free 
from other amino-acids. The reason for this sug- 
gestion is the repeated observation that mixtures 


(10) Brand, Ryan & Diskant (1945). 

(11) Brand (private communication). 

(12) Virtanen, Laine & Toivonen (1940). 
(13) Gordon et al. (19434). 

(14) Gordon et al. (19430). 

(15) Brand et al. (1945). 

(16) Hier, Graham, Friedes & Klein (1945). 
(17) Dunn, Shankman & Camien (1945). 
(18) Block & Bolling (19456). 

(19) Mourgue (1943). 


limited to monoamino-acids give much more 
satisfactory recoveries than those containing the 
full range of amino-acids found in protein hydro- 
lysates. 


SUMMARY 


1. Partition chromatography has been extensively 
applied to the determination of the monoammo- 
acids in protein hydrolysates. 
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2. Certain difficulties were encountered in the 
application of the original analytical procedure 
(Gordon et al. 1943a). A modified procedure is 
suggested which has been found satisfactory in the 
amino-acid systems studied. 

3. The important factors in the preparation of 
silica gel have been discussed and evidence pre- 
sented which suggests that, for iron-free gels, the 
adsorption of acetamino-acids by silica gel is 
dependent upon the water content of the silica. 

4. The values obtained for insulin, edestin, 
casein and f-lactoglobulin have been submitted to 
control by the analysis of the corresponding ad hoc 
mixtures of amino-acids. The probable accuracy of 
the method is discussed with special reference to 
insulin and edestin. 

5. The values reported for zein, gliadin, oval- 
bumin, gelatin and collagen are regarded as 
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provisional only, because they have not been sub- 
mitted to control by the analysis of ad hoc mixtures 
of amino-acids. 

6. The values obtained have been compared with 
those found by other methods of analysis, especially 
the values obtained by microbiological assay. 

7. It is suggested that, in the development of 
accurate methods of analysis, it would be pre- 
ferable to use products known to be chemical 
individuals (e.g. insulin and f-lactoglobulin) as the 
test proteins. 


I wish to thank Prof. A. C. Chibnall for much advice and 
criticism and the Agricultural Research Council for a grant 
which covered the cost of the research. I also thank 
Dr G. B. B. M. Sutherland for carrying out numerous infra- 
red analyses and Dr H. Lindley for certain observations on 
the properties of silica gel. 
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The investigations described in this and the following 
seven papers were started early in 1939, partly as an 
extension of the study of the immunological pro- 
perties of mustard gas-treated proteins (Berenblum 
& Wormall, 1939) and partly as a more general study 
of the action of mustard gas (H) on proteins and 
other tissue constituents, with particular reference 
to its vesicant action. The possibility that H is 
oxidized in the tissues or that it undergoes some 
other change (e.g. loss of HCl to form unsaturated 
compounds) was kept in mind, and in many cases 
experiments parallel to those made with H (I) were 
carried out with the following closely related com- 
pounds: HO (8£’-dichlorodiethyl sulphoxide, IT); 
HO, (8f’-dichlorodiethy] sulphone, ITT) ; divinyl] sul- 
phide (IV); divinyl sulphone (V). 
CH,CH,Cl CH,CH,Cl 
sé OSC 0 
CH,CH,Cl 


AH,CH,Cl 


sé 
* \CH,CH,Cl 
I Il I 


S 
\CH,CH,CI 


LECH, _ H:CH, 


sx 0,8 
\CH:CH, = +~CH:CH, 
IV Vv 

The evidence available prior to 1939 appeared to 
suggest that H is not a very reactive substance under 
physiological conditions of pH and temperature, 
though it was known that it had a destructive or 
inhibitory action on tissue glycolysis (Berenblum, 
Kendal & Orr, 1936). Several theories or suggestions 
had been put forward to account for the vesicant 
action of H, but the experimental support for these 
theories was not very strong. An early suggestion 
was that the chief factor might be HCl liberated 
inside the cell by the hydrolysis of H which had pene- 
trated through the cell membrane. There appears, 
however, to be no close correlation between acid 
liberation and the vesicant action of H and its sul- 
phone (Peters & Walker, 1923), and also, it is rather 
difficult to believe that the buffering power of the 
cells and the tissue fluids would be incapable. of 
+ This work was initiated as a joint investigation by 
the two departments concerned and was later continued 
(1941-5) as part of a programme of Extra-Mural research 
carried out for the Ministry of Supply by a team under the 

leadership of Prof. Wormall. 


dealing with the acid liberated from the small 
amounts of H which effect vesication. Furthermore, 
many other substances which liberate HCl in a 
similar way are non-vesicant. The possibility that 
acid liberation may be a contributory factor to the 
disturbance in the equilibrium in the cell cannot, 
however, be excluded. 

Another theory which had attracted much atten- 
tion arose from the suggestion of Flury & Wieland 
(1921), that H is converted into the corresponding 
sulphoxide (HO) and sulphone (HO,) by tissue 
oxidases, and that these oxidation products are 
largely responsible for the toxic action of H on the 
cell. Although there was little direct experimental 
evidence to support it, this theory (usually referred 
to as the ‘sulphone theory’) had many attractive 
features. Peters & Walker (1925) found that HO, 
was as strongly vesicant as is H when it is properly 
applied, and workers at H.M. Experimental Station, 
Porton, observed that it was very toxic on injection 
(ef. also Kucharik & Telbisz, 1939, who reported 
greatly enhanced vesicant activity by HO, when the 
substance is injected subcutaneously). In connexion 
with this ‘sulphone theory’, Ford-Moore (1940) sug- 
gested that HO, is converted into divinyl sulphone 
before it reacts in vitro with amino-groups, and Ford- 
Moore & Lidstone (1940) gave support to the theory 
by pointing out that no sulphide is vesicant unless 
it is capable of yielding, on oxidation, a sulphone 
which can lose one or two molecules of HCl (or HBr) 
to give a compound of the type R.SO,.CH:CH,. 

The immunological evidence of Berenblum & 
Wormal! (1939) showed, however, that H has a 
direct action on serum proteins at ordinary tem- 
peratures and at about pH 8, and that the product 
obtained differs very significantly from HO,-treated 
serum proteins. There was also a certain amount of 
other evidence available at that time to show that H 
can react directly with tissue constituents under 
physiological conditions, and later work, by our- 
selves and other authors, on the action of H on 
proteins, and more particularly the evidence of 
Peters and his colleagues at Oxford and Dixon and 
his colleagues at Cambridge, that H itself inhibits 
certain tissue enzymes, showed that it was not 
necessary to postulate the transformation of H into 
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HO, or some other oxidation product to account for 
its toxic action. Most attention has therefore been 
directed, in our investigations, to the reactions of H, 
but for comparison purposes, parallel experiments 
have usually been made with HO, and sometimes 
with HO, particularly in our earlier experiments, 
which were carried out at a time when there was still 
considerable support for the ‘sulphone theory’. 
Although it is not our intention to discuss the 
evidence for and against this theory, it should be 
pointed out that Sugden (1941) reached the con- 
clusion that the conversion of H into HO, in the 
tissues is very improbable, since this change requires 
an oxidation potential considerably higher than that 
likely to be reached by any tissue oxidase system. 

Early in 1939 we decided to make use of isotopic 
tracers for our investigations, and we considered the 
possibility of studying the in vitro and in vivo action 
of H and related compounds on proteins and animal 
tissues with the aid of H containing one or more of 
the following isotopes: radioactive S (8%), radio- 
active Cl (Cl°* and Cl8*) and deuterium. Cl®* and 
Ci*8 are not very satisfactory for biological work of 
the type envisaged due to their rates of decay. The 
latter has a relatively short half-life period of 37 min., 
thus limiting the time during which the H will retain 
a useful radioactivity, and the very long half-life 
period (71 yr.) of Cl°* makes this isotope difficult to 
prepare in suitable quantities. Moreover, mustard 
gas (H) readily loses HCl by hydrolysis, and this HCl, 
and any liberated from a reaction between H and 
amino-groups, etc., might be rapidly excreted from 
the animal body, or might combine with substances 
other than those which had reacted with H. Thus it 
was thought that the determination of the fate of the 
Cl of mustard gas would provide little information 
about the action of this compound on animal tissues. 

It was decided, therefore, that S** (of half-life 
period 88 days) and deuterium would probably be 
the most suitable isotopes for this work, and the pre- 
paration of H containing one or both of these isotopes 
was undertaken. It was hoped that work with 
‘deutero-radio’-H would be possible, for there are 
distinct advantages in the use of a substance con- 
taining two different isotopic tracers, but, for several 
reasons, we were unable to carry out our original 
plan; ‘deutero’-H (H containing about 99 % of its 
hydrogen replaced by deuterium) has been pre- 
pared, but so far we have not used it for our in- 
vestigations. 

Information about S** was somewhat scanty in 
1939. Anderson (1936) and Tuck (1939) described 
the production and separation of this radioactive 
isotope by the irradiation of carbon tetrachloride 
with neutrons from a radon-beryllium source, and 
Voge & Libby (1937) had obtained the isotope by 
the same neutron reaction (using a cyclotron source) 
and also by the bombardment of roll-sulphur with 
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deuterons. The f-rays emitted by S** are, however, 
of low penetrating power, and this was a big obstacle 
to quantitative work with the isotope; Voge (1939), 
for example, describing exchange reactions with S**, 
stated that ‘no attempt was made in the experiments 
reported to determine activities precisely, but it is 
thought that quantitative experiments could be 
made with strongly active samples, using “‘in- 
finitely thick” layers’ (cf. also Voge & Libby, 1937). 

In our earlier investigations we were limited to 
small supplies of S** obtained with the aid of radium- 
Be as a source of neutrons, but in 1940 and 1941 we 
were able to irradiate carbon tetrachloride with fast 
neutrons from the Cambridge cyclotron. This latter 
method, and the use of highly sensitive Geiger- 
Miiller counters (cf. Banks, 1946), enabled us to 
prepare H* (mustard gas containing S**) with a 
sufficiently high degree of radioactivity for our 
biological investigations. The details of the pre- 
paration and separation of radioactive sulphur (S*) 
and the method of preparation of H* and related 
compounds, and the determination of S* in biological 
material are described elsewhere (Banks, 1946; 
Boursnell, Francis & Wormall, 1946); the results of 
our experiments on the preparation of the isotope 
were essentially similar to those recorded indepen- 
dently by Kamen (1941). At a later stage of the 
investigations (1943-5) we were able to obtain from 
the U.S.A., through the Ministry of Supply, supplies 
of S* of much greater radioactivity than those which 
had hitherto been available to us, and we were thus 
able to undertake, in collaboration with Dr Dixon’s 
team, the injection experiments reported in papers 5 
and 6 of this series. 

At the same time that these in vitro and in vivo 
investigations with H* were being carried out, a 
further extension of the immunological work was 
made. For this purpose a more complete study of the 
action of H and HO, on amino-acids and proteins 
was undertaken, in the hope that the results might 
throw some light on the action of H on tissue pro- 
teins, and possibly on the phenomenon of hyper- 
sensitivity, a condition which occasionally arises in 
individuals who are exposed to H. Although it was 
unlikely that a solution to this problem of hyper- 
sensitivity might be found in desensitization, it was 
thought that a more detailed knowledge of the 
immunological reactions occurring in the tissues of 
the animal exposed to H might yield useful in- 
formation about some of the chemical processes 
associated with the vesicant and toxic action of H, 
HO, and related compounds. For a similar reason, 
a study was made of the action of H on complement, 
a very labile system, possibly partly enzymic in 
nature, present in the blood plasma. It was found 
that smal! quantities of H readily destroy the specific 
haemolytic activity of this system, and a further 
extension of this work to include a general study of 
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the action of many widely differing vesicants on 
complement was contemplated, but has not yet been 
carried out. 

The results of our investigations with ‘radio-H’ 
(H*) have fully confirmed the view that H reacts, 
under physiological conditions of pH and tempera- 
ture, with a variety of proteins forming protein 
complexes whose chemical and physical properties 
are considerably different from those of the original 
protein. The rate of combination of H with serum 
and other proteins is rapid, and the total amount of 
H which can combine with the proteins is quite 
adequate to account for the marked change in 
immunological properties effected by the treatment 
of serum proteins with H. 

The injection experiments with H*, HO* and 
HO,* have shown that appreciable amounts of the 
injected compounds enter into combination with 
widely differing tissues of the animal body. There is 
a general similarity between the distribution of S* 
in the tissues after the injection of all three com- 
pounds, and the ‘fixation’ of S* in the tissues after 
the injection of H* and HO,* might conceivably be 
due to the combination of the injected compound 
with the tissue proteins; this ex planation would not 
account, however, for the resuts with injected HO* 
unless it is assumed that HO* is converted, in the 
tissues, into HO,* or some other compound which is 
capable of combining with proteins. The injection of 
H*, HO* and HO,* is followed, in each case, by the 
rapid excretion of considerable amounts of $*-con- 
taining compounds in the urine and/or bile. 

The immunological and chemical investigations 
with ordinary H and radio-H and related com- 
pounds have shown that there is a very marked 
difference between the action of H and that of HO, 
on proteins. Although the results do not exclude 
the possibility that some H may be converted into 
HO, in the animal body, they suggest that the 
marked biological effects of H might readily be 
explained by a direct action of H on the proteins and 
related constituents of the tissues. Support has been 
obtained, however, for the view that HO, is con- 
verted into divinyl sulphone before it reacts with 
amino-acids and proteins. 
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During most of the investigations described in the 
following papers we have had frequent discussions 
with Dr M. Dixon and members of his research team 
in Cambridge, and with Prof. R. A. Peters, and we are 
glad of this opportunity to express our sincere thanks 
to them all for the help we have. derived from these 
discussions. Some joint investigations were made 
with members of Dr Dixon’s team, and these are 
described in one of the following papers or are referred 
to in publications by Dr Dixon and his colleagues, 

Our earlier work with radioactive sulphur would 
not have been possible without the help of Prof. N. 
Feather and Dr E. Bretscher and their colleagues in 
the Cambridge cyclotron and H.T. laboratories. We 
are also grateful to Prof. Sir James Chadwick for 
making arrangements whereby a supply of S** was 
obtained from Liverpool in September 1942. Our 
later supplies of S** came from the U.S.A., and we 
wish to thank Prof. E. O. Lawrence and all those at 
the Radiation Laboratory, Berkeley, California, who 
were concerned with the preparation of this material. 
Our thanks are also tendered to Prof. F. C. Henriques 
for a sample of highly radioactive H* which he sent 
to Dr Dixon. We should like to take this oppor- 
tunity of expressing our gratitude to Mr L. T. D. 
Williams, of the Ministry of Supply, for having 
made the necessary negotiations in the U.S.A., 
and we also wish to thank Mr J. Davidson Pratt and 
his colleagues at the Ministry of Supply for their 
help and support. We are indebted to the Director- 
General of Scientific Research (Defence), Ministry 
of Supply, for permission to publish the results of 
investigations carried out by us for the Ministry. 

Most of the investigations described in the fol- 
lowing seven papers were carried out after the 
evacuation of the Preclinical part of our Medical 
College to Cambridge on the outbreak of war. 
Research accommodation was provided for us in the 
Sir William Dunn Institute of Biochemistry, and 
later in the Molteno Institute of Parasitology. It is 
with sincere gratitude that we thank Prof. Sir 
Frederick Gowland Hopkins, Prof. A. C. Chibnall 
and Prof. D. Keilin for this accommodation and for 
the very generous help which they and their col- 
leagues have at all times given to us. 
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Studies on Mustard Gas (8§’-Dichlorodiethyl Sulphide) 
and some Related Compounds 


2. THE ACTION OF MUSTARD GAS, £§’-DICHLORODIETHYL SULPHONE 
AND DIVINYL SULPHONE ON AMINO-ACIDS f 


By J. C. BOURSNELL, G. E. FRANCIS anp A. WORMALL 
Department of Biochemistry and Chemistry, Medical College of St Bartholomew’s Hospital 


(Received 3 May 1946) 


It is clearly established that mustard gas (H) and 
the corresponding sulphone (HO,) react with serum 
proteins to produce protein derivatives which have 
immunological properties different from those of the 
untreated proteins (Berenblum & Wormall, 1939). 
There is also evidence that certain glycolytic pro- 
cesses are inhibited by H and HO, (Berenblum, 
Kendal & Orr, 1936), and that HO, inhibits brain- 
tissue respiration (Peters, 1936); it is not unlikely 
that these inhibitory effects are due to the action of 
H and HO, on enzymes or on other proteins in the 
tissues concerned. 

In view of the marked vesicant action of H and its 
anticarcinogenic action (Berenblum, 1929), it would 
be of interest to know which groups of the protein 
molecule react with H, and as part of an investiga- 
tion of this problem, experiments have been carried 
out to determine whether or not H and related com- 
pounds (HO, and diviny] sulphide) react with amino- 
acids under physiological conditions of pH and tem- 
perature. Also, it was thought that any H- and HO,- 
derivatives of amino-acids obtained in these experi- 
ments would be of considerable value in the further 
studies which were being made of the immunological 
properties of H- and HO,-treated proteins. As far 
as possible, these experiments with amino-acids 
were carried out at pH 7-5-8-5 and at 30-40°; ina 
few special cases, however, more drastic treatment 
was applied, similar to that employed by Cashmore 
& McCombie (1923) and Lawson & Reid (1925) for 
the preparation of HO,-derivatives of glycine and 
phenylalanine, viz. in boiling aqueous or ethanol 
solution in the presence of strong alkali. 

Astudy has also been made of the action of divinyl 
sulphone on amino-acids, to run parallel with the 
similar investigations on proteins, and a comparison 
has been made of the relative rates of reaction of HO, 
and divinyl sulphone on the amino-groups. This last- 
named investigation is of particular interest in view 
of the possibility that HO, might undergo conversion 
into divinyl sulphone before reacting with amino- 
and other groups of amino-acids and proteins. 


+ The work described in this paper was the subject of 
Tteports to the Medical Research Council in 1940, and the 
Ministry of Supply in 1940-2. 


The action of mustard gas (H) on amino-acids 
and their esters 


Cashmore & McCombie (1923) have reported the 
preparation of an open-chain compound, diglycino- 
diethyl sulphide (I), by the action of H on glycine 
ester hydrochloride in boiling ethanol solution in 
the presence of Na,CO, and Na acetate. All our 
attempts to obtain this compound have failed, but 
instead, a new product has been isolated and shown 
to have the structure of 1:4-thiazan-4-acetic acid (11). 
The evidence for a structure of this type is based on 
(a) analysis of the free acid, its picrate and sulphili- 
mine, and the picrate and platinichloride of the ethyl 
ester, and (b) titration with NaOH in ethanol 
solution. The free acid tenaciously retains a mole- 
cule of water, and the possibility of the compound 
having an open-chain structure (f-hydroxy-p’- 
glycinodiethyl sulphide) had to be considered; it 
was, however, rejected because no evidence of the 
presence of an NH or an alcoholic group could be 


obtained : 
Ee .CH,.NH.CH,.COOH 


S 
\\cH, .CH, .NH.CH,.COOH 
I 


CH, CH 
sé N.CH,.COOH 
CH, .CH,~ 


Il 


In view of the ready reaction between HO, and the 
amino-groups of amino-acids, we have attempted to 
prepare H-amino-acid derivatives under physio- 
logical conditions of pH and temperature, but with- 
out success (ef. however, Bergmann, 1942). Similarly, 
no reaction could be induced, under these conditions, 
between divinyl sulphide and amino-acids. Evidence 
was obtained, however, that H rapidly reacts with 
the SH group of cysteine and more slowly with 
arginine, the latter reaction being accompanied by 
a reduction in amino-N (formol titration). 

Many other efforts have been made to obtain H- 
derivatives of glycine and alanine by heating the 
amino-acids with H and varying amounts of Na,CO, 
and Na acetate (to neutralize any HCl liberated), but 
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all were unsuccessful. An experiment carried out by 
the Cashmore & McCombie method, but using 
alanine ester hydrochloride instead of the glycine 
compound, did not yield an ‘H-alanine’ compound 
analogous to the glycine compound (II); some 
reaction between the H and the amino-group of 
alanine appeared to have taken place, but in view 
of the very drastic conditions of this method of pre- 
paration, and the improbability that the reaction 
would resemble those taking place in the animal 
body, no further investigation of the product was 
made. 


The action of BB’-dichlorodiethyl sulphone (HO,) 
and divinyl sulphone on amino-acids 


Using different methods, but both involving 
reactions at high temperature (in boiling aqueous 
or ethanol solutions) and in the presence of an excess 
of alkali, Cashmore & McCombie (1923) have pre- 
pared ‘ HO,-glycine’ (1:4-sulphonazan-4-acetic acid) 
and Lawson & Reid (1925) ‘HO,-glycine’ and ‘ HO,- 
phenylalanine’ (1:4-sulphonazan-4-«-benzylacetic 
acid). 

In our experiments, running parallel with those 
on the preparation of HO,-proteins (Banks, Bours- 
nell, Francis, Hopwood & Wormall, 1946), we have 
prepared the HO,-derivatives of several amino-acids 
by reactions carried out under physiological con- 
ditions of pH and temperature. Solutions of amino- 
acids in NaHCO, solution (pH 8-8-5) were treated 
with £f’-dichlorodiethyl sulphone (HO,) and the 
mixtures stirred at temperatures between 20° and 
40° for a few hours. Equimolecular quantities of HO, 
and amino-acid were usually used, and the yields 
were appreciably better than those obtained by the 
more drastic methods mentioned above. Since the 
completion of this work, we have learned that Ford- 
Moore & Lidstone (1940) have employed a similar 
technique for the preparation of HO,-amino-acid 
derivatives. 

An experiment with cysteine showed that HO, 
reacts even more quickly with the SH group than 
does H, and the possibility of a reaction of this type 
must be kept in mind in connexion with the inter- 
action of HO, and SH-containing proteins. 

Since divinyl sulphone reacts with proteins to give 
products which react immunologically and in other 
respects exactly like the corresponding HO,-proteins, 
the action of the former sulphone on glycine has been 
studied. The product was identical with ‘HO,- 


glycine’. 


Comparison of the rate of action of HO, with that 
of divinyl sulphone on the amino-groups 
of glycine and alanine 
Serological experiments having shown that divinyl 
sulphone reacts much more rapidly than does HO, 
on serum proteins to produce protein derivatives 
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which will give precipitates with an antiserum to 
HO,-proteins (Boursnell, Francis & Wormall, 1946), 


Amino-N or unionized Cl (%) 


10 20 30 40 50 
Time (min.) 

Fig. 1. The reaction with glycine at pH 7-5 and 38° of 
(A) H-sulphone, (B) H-sulphone previously treated with 
NaHCO, at pH 7-5 and (C) divinyl sulphone. (Cl, ionic 
chlorine liberated from the H-sulphone in NaHCO, 
solution at pH 7-5.) 


100 


Amino-N or unionized Cl (%) 


10 20 30 40 50 100 
Time (min.) 

Fig. 2. The reaction with alanine at pH 7-5 and 38° of 
(A) H-sulphone, (B) H-sulphone previously treated with 
NaHCO, at pH 7-5, and (C) divinyl sulphone. (Cl, ionic 
chlorine liberated from the H-sulphone in NaHCO, at 
pH 7-5.) 


it was decided to compare the rates of action of the 
two sulphones on amino-acids by measuring the 





MUSTARD GAS AND AMINO-ACIDS 


im tof decrease in amino-N (formol method). Furthermore, 


since Ford-Moore (1940) and Ford-Moore & Lidstone 
(1940) have shown that HO, in alkaline solution 
loses HCl to give B-chloroethyl-vinyl sulphone, and 
then divinyl sulphone, and have suggested that this 
removal! of the HCl precedes the reaction of HO, 
with amino-groups, we included in our experiments 
a test with HO, previously stirred with bicarbonate 
buffer at pH 7-5 until most of its chlorine had 
become ionized. To make the tests strictly com- 
parable, the divinyl sulphone also was stirred at 
pH.7-5 for the same length of time. 1-5 mol. sul- 
phone/mol. of amino-acid were used and the experi- 
mental details were as follows: 
0-75 M- 
NaHCO,-H,CO, 
(pH 7-5) Sulphone 
(ml.) (in 60 ml. of ether) 

40 2-86 g. of HO, 

40 2-86 g. of HO, 

40 1-77 g. of divinyl sulphone 

Mixtures B and C were prepared and were stirred 
vigorously at 38° for 110 min., during which period 
64% of the Cl in mixture B became ionized. Mixture 
A was then prepared, and 10 ml. of m-glycine in 
0:75 M-NaHCO, solution was added to each mixture 
(A, Band C). These mixtures were stirred vigorously 
at 38°, and samples (2 ml.) were withdrawn from 
each at intervals. The samples were cooled in ice, 
made acid with conc. HCl (4 drops), freed from CO, 
as quickly as possible, and amino-N determinations 
(by the technique described in the experimental part 
of this paper) carried out immediately. 

The results of this experiment (Fig. 1) showed that 
the diminution in amino-N is much more rapid with 
divinyl sulphone than it is with HO,, and that pre- 
liminary stirring of the HO, in the bicarbonate buffer 
produced a mixture which acted on glycine almost 
as rapidly as did divinyl sulphone. 

A similar experiment (Fig. 2) was carried out with 
alanine, the technique being the same as that 
described above, with minor differences (50 ml. of 
the bicarbonate buffer was used and the preliminary 
stirring period for two of the mixtures was 3} hr., 
during which time about 80% of the Cl of the HO, 
became ionized; 0-7 M-alanine in bicarbonate buffer 
was used). 


EXPERIMENTAL 


Materials 


Mustard gas (H). The H used in the work described in 
this and the following papers was obtained from the War 
Office and later the Ministry of Supply. It was redistilled 
twice. 

BB’-Dichlorodiethyl sulphone (HO,). Prepared from H by 
the method of Helfrich & Reid (1920). 

Divinyl sulphone. Prepared from HO, by the method of 
Dr E. Walker as described by Alexander & McCombie 
(1931). 
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Divinyl sulphide. Freshly prepared before use, by the 
method of Bales & Nickelson (1922, 1923). 


Methods 


Amino-N determinations. The reaction of the sample was 
adjusted to pH 7 (neutral red) and the solution was titrated 
with 0-05 n-NaOH to pH 9 (phenolphthalein); excess of 
neutralized 20% formaldehyde solution was added and the 
mixture was again titrated to pH 9. The amino-N was 
calculated from the total amount of NaOH required for the : 
two titrations; occasionally the determination was made as 
a one-stage operation by omitting the first titration to 
pH 9. When NaHCO, or Na,CO, was present in the original 
solution, the sample was first made distinctly acid with HCl 
(e.g. 4 drops of cone. HCl to a 2 ml. sample in many of the 
experiments) and evacuated several times to remove CO,, 
and the reaction of the solution brought to pH-7. 

Micro-analyses. These were carried out by Dr Weiler, or 
in the Cambridge University Chemical Laboratory (by 
courtesy of Dr H. McCombie). 


Action of mustard gas on amino-acids 
and their esters 


On glycine ester. Following the method of Cashmore & 
McCombie (1923), 26-6 g. of glycine ester hydrochloride 
(0-19 mol.), 8-9 g. of anhydrous Na,CO, (0-084 mol.), and 
71 ml. of 97% ethanol were mixed, warmed on a water- 
bath for a few minutes, and 14-2 g. of anhydrous Na 
acetate (0-17 mol.) with 14-2 g. of H (9-089 mol.) added. 
The mixture was heated for 44 hr. on a water-bath, filtered, 
and the precipitated NaCl, etc., washed with 97 % ethanol. 
The combined filtrate and washings were concentrated in 
vacuo to about 40 ml. and poured into 225 ml. dilute HCl 
(containing 150 ml. of 2n-acid). The solution was extracted 
with ether to remove unchanged H, brought to about 
pH 8 with solid Na,CO,.10H,O, and again extracted with 
ether. The ethereal solution was dried with Na,SO,, the 
ether removed on a water-bath, and the residue distilled 
in vacuo. Three fractions were obtained: (i) b.p. 145-158°/ 
15 mm. (3-06 g.); (ii) b.p. 190-193°/15 mm. (this fraction, 
weighing 2-60g., set to a jelly-like mass on cooling); 
(iii) a residue (1-59 g.) not distilling at 5 mm. with a bath 
temperature of 200°. Cashmore & McCombie (1923) re- 
ported the b.p. of their ester as 159-160°/15 mm. 

Fractions (ii) and (iii) contained sulphur but very little 
nitrogen, and gave neither picrates nor platinichlorides. It 
was presumed that these were mainly divinyl sulphide 
polymers, and they were rejected. 

Addition of 10% platinum chloride solution to a solution 
of fraction (i) in ethanol gave an amorphous platinichloride, 
insoluble in water and alcohol, containing 34-35% Pt 
(Cashmore & McCombie recorded 34-9%). Clarke (1912) 
showed that many amorphous alkyl thiazan platinichlorides 
have the structure B.HPtCl;. A platinichloride of this 
type, derived from ethyl 1:4 thiazan-4-acetate, would have a 
Pt content of 34:7%. 

The picrate of the ester, prepared from fraction (i) in 
ethanol solution and recrystallized from absolute ethanol, 
had m.p. 170°. (Found: C, 41-5; H, 4-4; N, 13-3; 8, 7-8. 
The picrate of the thiazan, CsH,;NO,.C,H,N,0,, requires 
C, 40-2; H, 4:3; N, 13-4; S, 7-7%.) 

The ester was hydrolyzed by boiling with 7 ml. n-NaOH/g. 
of ester for 3 hr. The copper salt of the acid was then pre- 
cipitated by addition of 7 ml. of 0-5 m-CuSO,/g. of ester, and 
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decomposed by suspending in water at 80° and saturating 
with H,S. After filtration and aeration, to remove excess 
H,S, the solution was evaporated in vacuo over H,SO, 
(yield 1-87 g.), and the product crystallized from absolute 
ethanol. The acid appeared to be dimorphous, forming 
either short thick prisms with wedge-shaped ends, or fine 
flat needles; m.p. of both forms (and mixed m.p.) 175- 
176-5°, after shrinking and softening at 133°. The substance, 
particularly in the crude state, was hygroscopic, crystal- 
lization sometimes being difficult. (Cashmore & McCombie 
(1923) record m.p. 132° for their product and a crystalline 
form of flat plates.) Analytical figures on the product, after 
drying over CaCl, or P,O;, were not very satisfactory, but 
appeared to conform most nearly to the structure of 1:4- 
thiazan-4-acetic acid, with one molecule of water of crystal- 
lization. The acid could not be titrated satisfactorily in 
aqueous solution, in contrast to the corresponding HO, 
derivative (vide infra), and furthermore there was no free 
amino-N titratable by the formol method. In absolute 
ethanol solution, however, titration with n-NaOH gave a 
sharp end-point with phenolphthalein, corresponding to a 
mol. wt. of 181 (method of Willstatter & Waldschmidt- 
Leitz, 1921). The thiazan monohydrate requires a mol. wt. 
of 179. Prolonged drying at 56° in vacuo over P,O; caused 
a loss of weight of 10-1 % (theoretical for the monohydrate) 
after 18 hr. (Found, on the dried material: C, 44-7; H, 7-1; 
N, 8-7; 8, 19-8. C,H,,0O,NS requires C, 44-7; H, 6-9; N, 8-7; 
S, 19-99%.) M.p. 176-176-5°, without preliminary softening. 
Further drying in vacuo over P,O; at 78° caused an ad- 
ditional loss of weight of 3-5%, with slight decomposition. 

The picrate of the free acid, prepared in ethanol solution 
and recrystallized from ethanol, had m.p. 175-176°. The 
analytical figures (C, 39-2; H, 4-6; N, 13-3%) correspond to 
a formula of one molecule of the thiazan with one molecule 
of picric acid and one molecule of ethanol, but no loss of 
weight was observed on drying in vacuo over P,O;, either 
at 56° or 78°. The sulphilimine, prepared by the addition of 
200 mg. of chloramine-T in 2-3 ml. of water to 100 mg. of 
the thiazan in 0-3 ml. of water, after two recrystallizations 
from 1 ml. water, had m.p. 123-5°. (Found: C, 48-7; H, 5-4; 
N, 8-4; S, 18-8. C,;H,sN,S,0, requires C, 47-3; H, 5-5; 
N, 8-5; S, 19-4%.) 

From these results, two structures could be assigned to 
the compound: (i) the thiazan structure with one molecule 
of water of crystallization, or (ii) B-hydroxy-’-glycino- 
diethyl sulphide. The absence of —NH— or —OH groups, 
as indicated by the fact that the compound does not react 
either with nitrous acid to form a nitrosamine or with 3:5- 
dinitrobenzoyl chloride, appears to exclude the latter. The 
structure 1:4-thiazan-4-acetic acid is therefore attributed 
to the compound, which is usually referred to for con- 
venience as ‘H-glycine’. 

On alanine ester. An attempt was made to prepare from 
alanine ester hydrochloride a derivative analogous to the 
thiazan derivative of glycine described above. The pro- 
cedure was similar to that for the preparation of ‘H- 
glycine’, but although there was undoubtedly some 
reaction, involving a 60% reduction in the amount of 
amino-N in the mixture (formol titration), no crystalline 
material could be separated from the intractable oil 
obtained. 

On cysteine. 30 mg. of cysteine hydrochloride was dis- 
solved in 0-5 ml. of N-NaOH in a stoppered tube and 1-6 ml. 
of 0-5 M-NaHCO, and 1 drop of H added. The mixture was 
shaken gently at intervals and samples were tested for free 


J. C. BOURSNELL, G. E. FRANCIS AND A. WORMALL 


1946 


SH by the nitroprusside test; these tests showed significant 
loss of SH in 5 min. with little free SH left 15 min. and none 
30 min. after the start of the reaction. A control test, with 
no H, showed no loss of SH in 30 min. and very slight loss 
after 55 min. 

On arginine. A mixture of 18 ml. of a 0-57 m-solution of 
arginine in 0-375 M-NaHCO, buffer (pH 7-5) was stirred for 
16 hr. at 37° with 0-8 g. of H added gradually at fairly 
regular intervals, with a control experiment without H. 
Amino-N determinations showed 12-5% loss of amino-N 
in 2 hr., 40% in 94 hr. and 57% in 16} hr. Although the 
formol method does not give a theoretical titration figure 
with arginine, these results indicate a definite decrease in 
the free amino-N of the arginine and are in conformity with 
the observation of Hellerman (1942) that H reacts with the 
a-amino-groups of arginine. No comparable reaction has 
been observed in our similar experiments with alanine. 


Other attempts to condense H (and divinyl 
sulphide) with amino-acids 


Several unsuccessful efforts have been made to condense 
H with various amino-acids, sometimes under mild con- 
ditions (pH 7-5-8-5 and at 30—-40°) and sometimes at higher 
temperatures and in a very alkaline medium. No copper 
derivative other than that of the unchanged amino-acid 
could be isolated, for example, from preparations obtained 
(a) when glycine or glutamic acid was boiled for 21 hr. in 
aqueous ethanol with H, anhydrous Na,CO, (or anhydrous 
Na acetate or CaCO,), or (6) when alanine was heated with 
H, Na acetate and 97% ethanol for 43 hr. with subsequent 
treatment as in the preparation of ‘H-glycine’. Further- 
more, a solution of alanine in bicarbonate buffer at pH 7-5- 
8-5 showed no reduction in titratable amino-groups (formol 
method) when stirred at 30° for 12} hr. with H, and with 
glycine no copper derivative could be separated from the 
mixture even after 29 hr. 

A few experiments have been carried out with divinyl 
sulphide and glycine, to run parallel with the investigation 
of the action of this reagent on proteins (Boursnell et al. 
1946). A mixture of divinyl sulphide and glycine in bicar- 
bonate buffer at pH 7-5 stirred at 30° for 9 hr. showed 
no reduction of free amino-N, nor could a copper salt, other 
than copper glycine, be isolated from the product obtained 
when divinyl sulphide was heated for 4 hr. with glycine 
ester hydrochloride and Na,CO, in 97 % ethanol. 


Action of H-sulphone (HO,) on amino-acids 


‘HO,-glycine’ (1:4-sulphonazan-4-acetic acid). 0-4g. of 
glycine dissolved in 20 ml. of 0-5 m-NaHCOsg, and 0-95 g. of 
HO, dissolved in 25 ml. of ether, were stirred together at 
30° for 11 hr. with occasional additions of NaOH to main- 
tain the pH at about 8-5. (Later experiments showed that 
the reaction was practically complete in 3 hr.) The solution 
was neutralized with HCl (to phenol red), and the product 
isolated via the copper salt as described for ‘H-glycine’. 
The resulting colourless crystals (0-74 g.; 77% yield), after 
three recrystallizations from 50% ethanol, and drying over 
P,O, in vacuo, had m.p. 181°. ; 

Many micro-analyses were carried out on preparations 
of ‘HO,-glycine’ (prepared as above and by the methods of 
Cashmore & McCombie, 1923, and Lawson & Reid, 1925, 
and having identical melting-points and mixed melting- 
points) with varying results, generally corresponding with 
C,H,,0,NS plus one-third to one molecule of water. A 
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sample dried over P,O, at room temperature for a short 
time only gave C, 34-3; H, 6-1; N, 6-3; S, 15-4%. (Theory 
for monohydrate: C, 34-1; H, 6-2; N, 6-6; S, 15-2%.) A 
specimen dried over CaCl, only, gave C, 34-4; H, 6-1; N, 
65%; this sample, dried over P,O, in vacuo at 56° for 10 hr., 
then at 78° for a further 75 hr., lost 7-85% of its original 
weight (theory for 1H,O, 8-54%). The rate of loss of 
weight after this time was extremely small, about 0-01% 
per day, and the dried crystals on analysis gave C, 37-2; 
H, 6:3; N, 6-9; S, 16-83%. (Cale. for C,H,,0,NS, C, 37-3; 
H, 5-7; N, 7-3; S, 16-6%.) 

These analyses, like those of the corresponding H de- 
rivative, indicate firm retention of a molecule of water, 
though this has not previously been reported. The possi- 
bility of the B-hydroxy-’-glycino-diethy] sulphone structure 
seems to be precluded by the relative ease with which a 
portion of this molecule of water is lost, and by the absence 
of any titratable primary or secondary amino-groups 
(formol titration). The ring structure also seems more 
probable, by analogy with other HO,-amino-acid com- 
pounds whose analyses all agree well with the anhydrous 
thiazan structure. 

‘HO,-alanine’ (1:4-sulphonazan-4-«-propionic acid). (a) In 
boiling solution. Following the method of Lawson & Reid 
(1925), equimolecular quantities (0-0167 mol.) of HO,, 
alanine, and anhydrous Na,CO, were boiled with 25 ml. of 
water for 5 hr. The solution was neutralized with HCl and 
the product isolated via the copper salt. After one crystal- 
lization from 50% ethanol the resulting short colourless 
prisms had m.p. 186° (yield 45%). (Found, after drying the 
thrice-recrystallized preparation over P,O, in vacuo: C, 
41-0; H, 6-3; N, 6-9; S, 15-7. C,H,,0,NS requires: C, 40-6; 
H, 6-3; N, 6-8; S, 15-59%. Mol. wt. by titration in aqueous 
solution (phenolphthalein), 211; theory, 207. No free NH, 
or —NH— group (formol titration).) (b) At 30°. 0-0022 mol. 
of alanine, dissolved in 15 ml. of 0-5 M-NaHCO,, was stirred 
with 0-0052 mol. of HO, dissolved in ether, with occasional 
addition of NaOH to maintain the pH at about 8-5. After 
6 hr. the product was isolated via the copper salt and 
recrystallized from 50% ethanol. Yield about 80 mg. (17% 
of theory); m.p. and mixed m.p. with a sample from pre- 
paration (a), 186°. 

‘HO, - phenylalanine’ (1:4 -sulphonazan - 4 -« - benzylacetic 
acid). 0-05 g. of phenylalanine was dissolved in 5 ml. of 
0-5 M-NaHCO,, and added to 0-06 g. of HO, dissolved in 
ether. After several days at room temperature, with 
occasional shaking, the solution was neutralized and the 
prodiict isolated via the copper salt. The resulting colourless 
crystals (38-5 mg.; 45% yield), after two crystallizations 
from water, had m.p. 173°; a mixed melting-point with a 
sample prepared according to the Lawson & Reid (1925) 
method showed no change. 

‘HO, - tyrosine’ [1:4-sulphonazan -4-«-(p-hydroxybenzyl) 
acetic acid). 1-35 g. of tyrosine were suspended in 30 ml. of 
05m-NaHCO,, and dissolved by addition of 15 ml. of 
y-NaOH and 45 ml. of water. The solution was stirred at 
30° for 12 hr. with an ethereal solution of 1-43 g. of HO,. 
Occasional addition of 30% NaOH was required to keep 
the tyrosine in solution. A trace of unchanged tyrosine was 
removed by saturating the solution with CO,, and the 
product was precipitated by acidification to methyl red 
with HCl, redissolved in N-NaOH and reprecipitated with 
N-HCl. The dried material (1-51 g.; 68% yield) was re- 
crystallized from 50% ethanol, producing clusters of 
needles; m.p. 220-5-221-5°, with charring. (Found, after 
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drying the thrice-recrystallized specimen over P.O; in vacuo 
at 50°: C, 52-2; H, 5-8; N, 4-9; S, 11-0. C,,H,,0O,NS re- 
quires: C, 52-1; H, 5-7; N, 4:7; S, 10-7%. Mol. wt., by 
titration in aqueous solution (phenolphthalein), 301; theory, 
299. No free NH, or —NH-group (formol titration).) 

Action of HO, on cysteine. In an experiment carried out 
under conditions similar to those of the experiment with H, 
120 mg. of HO, were allowed to act on 30 mg. of cysteine 
hydrochloride in slightly alkaline solution. A decrease in 
SH was noted almost immediately, and samples taken after 
5 min. showed no free SH. It is of interest to note that 
Ford-Moore (1940) obtained {£’-bis-(2-carboxy-2-amino- 
ethylthio)-diethyl sulphone by the action of divinyl sulphone 
on cysteine hydrochloride. 


Action of divinyl sulphone on glycine 
0-0049 mol. of glycine in 15 ml. of 0-5 m-NaHCO, and 
0-0051 mol. of divinyl sulphone dissolved in 15 ml. of ether 
were stirred together at 30° for 7 hr. The product was 
isolated via the Cu salt (wt. 0-74 g.; 75% yield), and the 
recrystallized compound had m.p. 181°; mixed m.p. with 
‘HO,-glycine’, 181°. 


DISCUSSION 


The action of H and divinyl sulphide on amino- 
acids contrasts strongly with that of H-sulphone 
(HO,) and divinyl sulphone. Whereas the two sul- 
phones react readily under physiological conditions 
with the «-amino-groups of all the amino-acids 
studied, yielding in every case a derivative with a 
1:4-sulphonazan structure, no similar reaction has 
been observed with either H or divinyl sulphide, 
except possibly in the case of arginine where treat- 
men twith H results in a decrease in amino-N (formo) 
titration). Thus, by analogy, it seems unlikely that 
the action of H on proteins can be attributed to a 
general reaction with free amino-groups. H does 
react, however, and very rapidly, with the SH group 
of cysteine. 

Under more drastic conditions, i.e. in boiling 
ethanol and in the presence of Na acetate, H reacts 
with the amino-group of glycine ester to yield a 
derivative having a 1:4-thiazan structure, but it 
seems unlikely that a similar reaction occurs with 
amino-acids or proteins under physiological con- 
ditions. 

The rapid action of HO, on the «-amino-groups of 
amino-acids at pH 7-5-8-5 and at 30—-40° supports 
the view that a reaction of this type accounts for the 
changes effected in proteins by this sulphone, but 
there is also the probability that HO, combines with 
free SH when this group is present in the protein. 
The free SH of cysteine is more rapidly destroyed by 
HO, than it is by H. 

Diviny] sulphone reacts with glycine (and alanine) 
much more rapidly than does HO,, but the two sul- 
phones give the same product. A comparison of the 
rate of action of these two sulphones on glycine or 
alanine with the rate of action of HO, which has 
previously been stirred in bicarbonate solution at 
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38°, offers strong support for the view that HO, loses 
one or two molecules of HCl to give an unsaturated 
compound before acting on amino-groups. The 
curves (Figs. 1, 2) showing the decrease in the amino- 
N of the amino-acid when treated with HO, certainly 
showed a marked resemblance to the rate of libera- 
tion of ionized Cl from HO, stirred in bicarbonate at 
pH 7-5, and the ‘hydrolyzed’ product obtained by 
the latter process showed a capacity to react with 
the amino-group of glycine or alanine nearly equal 
to that of divinyl sulphone. 


SUMMARY 


1. The actions of mustard gas (H), B8’-dichloro- 
diethyl sulphone (HO,), divinyl sulphide and divinyl 
sulphone on some amino-acids at pH. 7-5-8-5 and at 
30-40° have been studied. 

2. HO, rapidly reacts under these conditions with 
the amino-groups of amino-acids to give derivatives 
containing the 1:4-sulphonazan ring. The hitherto 
undescribed ‘HO,-alanine’ (1:4-sulphonazan-4-z- 


propionic acid) and ‘HO,-tyrosine’ [1:4-sulphona- 
zan-4-«-(p-hydroxybenzyl)-acetic acid] have been 
prepared in this way. HO, also reacts rapidly with 
the SH groups of cysteine. 

3. H and diviny] sulphide do not appear to have 
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any similar action on amino-groups under physio. 
logical conditions. H quickly abolishes the free SH 
of cysteine, and it more slowly reduces the amino-N 
(formol determination) of arginine. 

4. Under more drastic conditions, in boiling 
ethanol in the presence of Na acetate, H reacts with 
the amino-groups of glycine ester to give a new 
reaction product, ethyl 1:4-thiazan-4-acetate; on 
hydrolysis this ester yields 1:4-thiazan-4-acetic acid. 
The preparation and properties of some derivatives 
of the ester and of the acid are described. 

5. Divinyl sulphone reacts under physiological 
conditions with glycine (or alanine) even more 
rapidly than does HO,, the two sulphones giving the 
same product. Determination of the rate of diminu- 
tion of free amino-N in the reacting mixtures sup- 
ports the view that HO, is converted into divinyl 
sulphone before it reacts with amino-acids and pro- 
teins. 
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Studies on Mustard Gas (8§’-Dichlorodiethyl Sulphide) 
and some Related Compounds 


3. THE PREPARATION AND USE OF MUSTARD GAS CONTAINING 
(a) RADIOACTIVE SULPHUR AND (6) DEUTERIUMt 


By J. C. BOURSNELL, G. E. FRANCIS anp A. WORMALL 
Department of Biochemistry and Chemistry, Medical College of St Bartholomew's Hospital 


(Received 3 May 1946) 


For many of our investigations it was our intention 
to use mustard gas containing either radioactive 
sulphur (S**) or deuterium, or if possible both of 
these isotopes, as tracer elements. The first two com- 
pounds, ‘radio’-mustard gas (H*) and ‘deutero’- 
mustard gas, were prepared as described below, and 
the former was used in many of the investigations 
described in this series of papers. 


EXPERIMENTAL 


PREPARATION OF MUSTARD GAS (Hf), 
AND RELATED COMPOUNDS, 
CONTAINING RADIOACTIVE SULPHUR (S*5) 


In all experiments where a compound containing S is used, 
an asterisk (e.g. S*, H*, HO*, HO,*) denotes the radio- 
compound as distinct from the ordinary material. 

The S* with which this work was carried out was pre- 
pared and separated as BaSO,* as described by Banks 
(1946), or was obtained (as BaSO,*) through the Ministry 
of Supply from the U.S.A. 


Mustard gas (H*) containing radioactive sulphur 


(i) Using sulphur chloride. The BaSO,* was reduced to 
BaS* by heating it in a muffle furnace with twice its weight 
of sugar carbon in a graphite crucible (coated with alundum 
cement to minimize burning) for 10 hr. at about 900°. The 
resulting mixture was heated in a tube-furnace in a current 
of pure dry Cl,, and the product, mainly sulphur mono- and 
dichlorides, was condensed in a glass spiral at —- 20°. 
Ethylene was then passed into this mixture (warmed to 
60°), and the crude H* distilled at 114°/20 mm. 

This method was later abandoned because of the un- 
avoidable loss of S* as a by-product of the reaction between 
ethylene and S,Cl,. This S* was normally reoxidized to 
BaSO,* for further use, together with any residue in the 
distillation flask. 

(ii) Via thiodiglycol* (cf. Othmer & Kern, 1940; Kistia- 
kowsky, 1940). The BaSO,* was reduced to BaS* in a tube- 
furnace in a stream of dry hydrogen at 1000° for 4 hr., any 
H,S* formed being trapped in alkaline zine chloride 
solution. The H,S* was liberated by treating the BaS*, 
plus trap contents, with a little granulated zine and 50% 


+ Most of the work described in this paper was incor- 
porated in reports to the Ministry of Supply in 1940-3 and 
the Medical Research Council in 1940. 


phosphoric acid, passed through a reflux condenser and 
P.O, trap to remove water vapour, and finally frozen out 
in an all-glass apparatus by means of liquid air. The stream 
of H, generated by the action of the acid on the zinc 
ensured that no H,S* remained in the generator or the 
drying tube, and removal of the last traces was hastened by 
boiling the generator for some time towards the end of the 
reaction. 

The apparatus was then evacuated and the H,S* was 
allowed to evaporate into a glass reaction vessel of known 
volume, with a side-arm closed off by a tap, and a baro- 
meter tube attached for measuring the pressure. The H,S* 
(81% yield based on BaSO,*) was then recondensed in the 
side limb, and air-free ethylene oxide was evaporated into 
the reaction vessel to twice the H,S* pressure. On re- 
evaporation of the H,S*, the reaction proceeded at room 
temperature, with a quantitative yield of thiodiglycol* 
(7'G*) within 48 hr. The quantity of BaSO,* used in each 
preparation (about 3 g.) was calculated to yield an H,S* 
pressure of about half an atmosphere in the reaction vessel. 

The 7'G*, dissolved in dry chloroform, was converted to 
H* by treatment with a slight excess of thionyl chloride in 
chloroform solution at 50-60°. (Overall yield of H*: 
74%.) 


H-sulphoxide* (HO*) ; BB’-dichlorodiethyl sulphoxide 

This was prepared from 154 mg. of H* by the method of 
Helfrich & Reid (1920); it was recrystallized from 0-3 ml. of 
water, and dried in vacuo over P,O;; yield 74mg. HO*, 
m.p. 109°. 


H-sulphone* (HO,*) ; BB’ -dichlorodiethyl sulphone 


109 mg. of H* were oxidized to HO*, and the crude 
crystalline product remaining after removal of the HNO; 
by repeated addition and evaporation of water in vacuo, 
was further oxidized to HO,* with CrO, in presence of 
12% H,SO, (Helfrich & Reid, 1920). The HO,* was finally 
recrystallized from alcohol. (Yield 37 mg., m.p. 55°.) 


DETERMINATION OF S* IN RADIOACTIVE MATERIALS 


Oxidation of S*-containing materials to BaSO,* 


The technique adopted was a modification of the method 
of Pirie (1932) for the determination of sulphur in urine. The 
material to be oxidized (corresponding to not more than 
50 mg. and preferably about 20 mg. of BaSO,*) was treated 
in a 6x1 in. Monax test-tube with 5 ml. of cone. HNO;, 
2-5 ml. of 10% NaClO, and about 50 mg. of copper wire, and 
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heated in an air-bath at 200-280°. The treatment with 
HNO, and NaClO, was repeated until the resulting dry 
material was black or dark green, and redissolved to give a 
clear blue-green solution. At the completion of the in- 
cineration, the residue was dissolved in a few drops of conc. 
HCl, and the sulphate* was precipitated as BaSO,* from 
the boiling diluted solution; the precipitate was collected on 
a Whatman no, 42 paper, ignited and weighed. 

The accuracy of the method was tested by determinations 
carried out on H, HO, HO, and ‘HO,-tyrosine’ (cf. Bours- 
nell, Francis & Wormall, 1946a), 100% recovery being 
obtained in each case. In order to observe whether the 
presence of other substances would interfere, determinations 
were carried out on H in the presence of water, triolein, and 
gelatin; in these cases also, the method was found to be 
quite satisfactory. It was found, however, that H which 
had first been hydrolyzed by alkali gave variable and low 
results (often about 80%), due to loss of volatile S-con- 
taining substances (possibly divinyl sulphide) produced 
during the hydrolysis. 


Determination of radioactivity 


All the radioactivity measurements were made with a 
side-window Geiger-Miiller counter with a thin mica or 
aluminium window as described by Banks (1946). Suitable 
BaSO,* samples (about 20 mg.) were ground to a paste 
with two or three drops of water in an agate mortar, and 
suspended in about 15 ml. of water. This was poured into a 
small Buchner funnel in which water was being gently 
drawn through a 4-25 cm. Whatman no. 42 paper, and even 
spreading was obtained so long as the paper was not 
allowed to become dry until all the BaSO,* had been 
washed into the funnel. 

The amount of S* in each sample was determined by 
comparing its count with that, recorded on the same 
counter and on the same day, given by a standard specimen 
of BaSO,* prepared from a known weight of the H*, HO* 
or HO,* used for that experiment. Where more than 20 mg. 
BaSO,* were used, a correction was made for ‘self-absorp- 
tion’, i.e. absorption of the soft f-radiation by the re- 
latively thick layer of BaSO,*, as described by Banks 
(1946). 


The effect of the radioactivity of S*° on 
living tissues 


In experiments to be reported in subsequent papers 
(Boursnell, Cohen, Dixon, Francis, Greville, Needham & 
Wormall, 1946; Boursnell, Francis & Wormall, 19466), H* 
and some of its derivatives have been injected into rabbits 
and the S* contents of various tissues have been deter- 
mined. 

The maximum concentration of S* in any of these tissues 
was found to be 9-25 yg./g. wet tissue (kidney, 1 hr. after 
injection of H*). With the specific activity of the H* used 
in this particular experiment this corresponds to about 
1-2 x 10-° curie, or 4-4 x 10-8 réntgen/sec. In considerations 
of protection from radiation, a constant intensity of 
10-* réntgen/sec. is considered safe over a long period of 
time (1 year or more) (Recommendations of the British 
X-Ray and Radium Protection Committee, 1938). The 
maximum intensity achieved in our animal experiments is 
thus about 1/200th of this figure. (We are indebted to Dr 
T. E. Banks for these calculations.) 
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PREPARATION OF MUSTARD GAS CONTAINING 
DEUTERIUM 


This was carried out, following the method of Gibson & 
Pope (1920), by the repeated passage of deutero-ethylene 
through freshly prepared sulphur monochloride. 

Sulphur monochloride. Dry Cl, was passed over fused roll 
sulphur in a retort, and the crude product was fractionally 
distilled with the addition each time of a small quantity of 
powdered roll sulphur. B.p. 135°. 

Deuterium from D,O. Deuterium was prepared by electro- 
lysis of a 6% solution of KOH in 99-65% D,O in a 25 ml. 
U-shaped cell fitted with platinum electrodes. A quantity 
of glass beads, included to minimize any mixing of oxygen 
and deuterium and to reduce the ‘dead space’ in the cell, 
was found not greatly to reduce the conductivity of the 
cell. 

Deutero-ethylene. A mixture of equal volumes of 
deuterium and deutero-acetylene (prepared by the action of 
D,O on calcium carbide) was passed at about 61./hr. 
through a combustion tube containing a palladium-kiesel- 
guhr catalyst (1: 900) supported on asbestos wool and 
maintained at 150° (Yoshikawa, 1932). The catalyst was 
made by the method of Willstatter & Waldschmidt-Leitz 
(1921). All the gases were kept over saturated brine to 
reduce loss by solution in the water. 

A trace of acetylene in the product was removed by 
ammoniacal Cu,Cl,; propylene was removed in a CO,- 
ethanol trap at — 65°, and the crude ethylene was fractionally 
distilled at —110 to —105°, to separate from ethane. The 
purity of the final product was checked by determinations 
of vapour density and degree of unsaturation. This latter 
determination was carried out by treating a known volume 
of gas (confined over brine in a Hempel burette) with a 
measured volume of N-KBrO, and excess of 10% KBr and 
3n-HCl. The total percentage of unsaturated gases was 
calculated from the contraction in volume, and the degree 
of unsaturation of this fraction by determining the excess 
of bromine, by adding KI and titrating with standard 
thiosulphate. The finally purified gas contained 90% 
deutero-ethylene and 10% saturated ‘deutero-hydro- 
carbons’. 


Combination of deutero-ethylene with sulphur 
monochloride 


The reaction was effected by heating the sulphur chloride 
to 60° and passing a slight excess of the gas through it by 
means of a pump mechanism, in which, by reversing a pair 
of two-way taps, the deutero-ethylene flowing to and fro 
from one aspirator bottle to another was passed repeatedly 
in the same direction through the reaction vessel. 

At the end of the reaction, the product was heated to 
100° for 1 min., cooled, and the crude H poured off from the 
semi-solid deposit of sulphur. After one distillation (b.p. 
112-119°/20 mm.) 10 g. of deutero-mustard gas was 
obtained (from 6-1 1. of the deutero-ethylene containing 
5-5 1. of the pure gas, i.e. a 51% yield). No determination 
has yet been made of the amount of deuterium in this 
‘deutero’-H, but the ratio of deuterium to hydrogen atoms 
in the compound is probably at least 99: 1. No difference 
in boiling-point at about 20 mm. was detectable between 
the ‘deutero’-H and ordinary H, but the thrice-distilled 
‘deutero’-H had m.p. 15-:7° compared with 14-4° for 
ordinary H. 
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Skin tests on human subjects showed no significant 
difference between the vesicant power of ‘deutero-H’ and 
that of ordinary H. 


SUMMARY 


1. The preparation, by two methods, of mustard 
gas containing radioactive sulphur (S**) is described. 

2. Methods are described by which the radio- 
sulphur in S*-containing mustard gas and related 
compounds, and in biological materials treated with 
these substances, can be determined. 

3. The possible effect on living tissue of the radia- 
tion from the S*-containing compounds used in 
these investigations is briefly discussed. 
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4. A synthesis of mustard gas with practi- 
cally all its hydrogen replaced by deuterium is 
described. 


The authors wish to express their thanks to Dr T. E. 
Banks for his constant help with the maintenance of the 
counter systems, and to the Berkeley, Cambridge and 
Liverpool cyclotron teams for supplies of radioactive S. 
We are also indebted to the Medical Research Council for a 
personal grant to one of us (J.C. B.) during part of the 
time when these investigations were made, and for a grant 
which has covered part of the expenses, and to the Director- 
General of Scientific Research (Defence), the Ministry of 
Supply, for permission to publish this paper. 
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Studies on Mustard Gas (6f’-Dichlorodiethyl Sulphide) 
and some Related Compounds 


4. THEIR ACTION ON PROTEINS (STUDIED WITH THE AID OF 
RADIOACTIVE SULPHUR)+ 


By T. E. BANKS, J. C. BOURSNELL, G. E. FRANCIS, F. L. HOPWOOD anp A. WORMALL 
Departments of Biochemistry and Physics, Medical College of St Bartholomew's Hospital 


(Received 3 May 1946) 


Treatment of serum proteins with mustard gas (H), 
under physiological conditions of pH and tempera- 
ture, effects a very marked alteration in their im- 
munological properties (Berenblum & Wormall, 
1939). There is also evidence that several other pro- 
teins undergo distinct changes, including an increase 
in the S content, as a result of the action of H; 
nucleoprotein, for example, is precipitated (Beren- 
blum, 1940); kerateine reacts with H, in part at 
least by virtue of its SH groups (Peters & Wakelin, 
1941) and collagen is also attacked (Pirie, 1941). 
These observations suggest a definite combination 
of H with groups which are present in a variety of 


+ The investigations described here were the subject of 
reports to the Medical Research Council in 1940-2 and the 
Ministry of Supply 1941-5. 


proteins, and since the reaction takes place fairly 
rapidly at 37° and at pH 7-5, it is not improbable 
that similar combination occurs when H comes into 
contact with the proteins of the skin and neigh- 
bouring tissues [Berenblum (1940), for example, 
noted that no nucleoprotein could be extracted from 
H-treated rabbit skin]. It was decided, therefore, 
that a further investigation of this reaction should 
be made with the aid of H*, i.e. mustard gas con- 
taining radioactive sulphur. (In this paper an 
asterisk is used to denote the presence of the radio- 
active S*5 in a substance, e.g. H*, S*, TG*, HO* 
etc.) 

This method has the advantage that the amount 
of S* present can readily be determined, however 
small it is, and, within certain limits, however much 
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ordinary sulphur is present in the original protein, 
and the determinations are not affected by changes 
in the ordinary sulphur content of the protein during 
the experiment. Also, since no radio-compound 
other than the H* is used, whatever radioactivity is 
found in the product can be correlated directly with 
the amount of H* which has undergone combination. 
(The possibility of interference by the natural radio- 
activity of potassium, due to K*, can be excluded, 
for this activity is very slight, being less than one 
disintegration/min./mg. of ordinary K, and, in any 
case, the K present in biological material does not 
contaminate the BaSO,* spread for S* determina- 
tions.) The sensitivity of this method is, of course, 
very much greater than that of other methods not 
employing an isotopic indicator, provided the 
‘specific activity’ of the available S* is sufficiently 
high. Even with specimens of relatively low activity, 
however, the method still possesses a high degree of 
sensitivity. 

Several widely differing proteins have been used 
in the investigations described in this paper, and 
all the H*-treated proteins and similar protein de- 
rivatives have been exhaustively extracted with 
various solvents to remove loosely attached H* and 
other S*-containing compounds. It is believed that 
the values recorded here for the S* contents of the 
various preparations give a measure of the amount 
of H*, ete., which has combined firmly with the 
protein. For many of the experiments we have used 
human-serum proteins, or the separated globulins 
or albumins, but several other proteins have also 
been tested. All the experiments have been carried 
out under physiological conditions, i.e. at about 
pH 7-5-8 and at 30-38°. 

These investigations with H* have been made to 
study (a) the capacity of different proteins to com- 
bine with H*, (b) the speed and extent of the reaction 
with varying amounts of H*, and (c) the nature of 
the linkage involved. In connexion with the last- 
named problem, particular attention has been paid 
to the SH groups of the protein, in view of the obser- 
vation of Peters & Wakelin (1941) that H reacts 
with these groups. We have made determinations, 
by iodine titration, of the ‘masked’ plus free SH in 
ovalbumin, a protein of high SH content, and also in 
serum proteins, both before and after treatment 
with H*, with the object of comparing the gain in 
S* with the decrease in SH. In other experiments 
the free amino-groups of serum globulin have been 
blocked by treatment with phenyl zsocyanate in 
order to determine the effect of this treatment on the 
capacity of the protein to react with H. 

The vesicant action of H is destroyed by the 
action of water, and it was therefore decided to find 
out whether this loss of vesicant activity is accom- 
panied by loss of the capacity to react with various 
proteins. For a similar reason, we have studied the 
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reaction between proteins and thiodiglycol* (T@*), 
one of the chief products of hydrolysis of H*. 

The possibility that: H might be partly or wholly 
converted into some other derivative in the tissues 
cannot yet be excluded, and a few experiments have 
therefore been carried out to determine the com. 
bining powers of £f’-dichlorodiethyl sulphoxide* 
(HO*) and £f’-dichlorodiethyl sulphone* (HO,*), 
two oxidation products of H*, towards the serum 
and other proteins. It is, of course, not suggested 
that H* undergoes oxidation before it combines with 
proteins in the in vitro experiments described here, 

Many other experiments have been carried out 
with various proteins, using ordinary H and its 
derivatives, in an effort to determine which protein 
groups are affected by these reagents. A few of these 
experiments are described in this paper and others 
are dealt with in a paper dealing with the immuno- 
logical aspects of this work (Boursnell, Francis 
& Wormall, 1946d). 


MATERIALS 


H*, HO*, HO,* and TG*. The following radioactive 
sulphur (S*5)-containing compounds were prepared as 
described elsewhere (Boursnell e¢ al. 19466): mustard gas 
(H*), Bp’-dichlorodiethyl sulphoxide (HO*), B£’-dichloro- 
diethyl sulphone (HO,*) and thiodiglycol (7'G*). The TG* 
was distilled in vacuo before use. 

Thymus nucleoprotein. Preparation (i). About 400 g. of 
fresh calf thymus were extracted several times with a con- 
siderable volume of 5-8 % NaCl solution (Mirsky & Pollister, 
1942). The dilute solution was strained through muslin, 
filtered, and the nucleoprotein precipitated by adding a 
little 2N-acetic acid. The centrifuged precipitate was sus- 
pended in water and dissolved by adding a minimum of 
0-25 n-NaOH. A small amount of undissolved matter was 
removed by centrifuging, and the precipitation and re- 
solution were repeated twice more. The final solution con- 
tained about 2-8 % protein. 

Preparation (ii). The nucleoprotein was extracted from 
the thymus partly with 5-8% NaCl and partly with 
0-01N-NaOH. The combined extracts were purified by pre- 
cipitation and re-solution as for preparation (i). The final 
solution contained about 3% protein. 

Collagen (ox corneal). This was kindly supplied by Mrs A. 
Pirie. 

Kerateine. This was a sample prepared from wool and 
kindly supplied by Prof. R. A. Peters. Nitroprusside tests 
and iodine titrations carried out at a later date suggested 
that there may have been considerable reoxidation of SH 
at the time that our experiments were made, and this may 
explain why the protein combined with less H in our 
experiments than was observed by Peters & Wakelin 
(1941). 

Ovalbumin. A sample of crystalline chicken ovalbumin 
kindly supplied by Dr J. F. Danielli. 

Human serum. We are greatly indebted to Dr G. A. 
Harrison for many samples of pooled human serum. 

Human-serum globulin and phenylcarbamido-globulin. The 
globulins were precipitated from human serum by half- 
saturation with (NH,),SO,, separated by centrifuging and 
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redissolved by dialysis against 0-9% NaCl. Precipitation 
and re-solution were repeated twice more, yielding finally 
an NH,-free solution containing 0-47 % N. 

Phenylcarbamido-globulin was prepared from 165 ml. of 
this globulin solution by the method described by Hopkins 
& Wormall (1933), 5-8 ml. of phenyl isocyanate being used. 
The phenylearbamido-globulin was finally dissolved in 
55 ml. of 0-9% NaCl and the pH adjusted to 7-5; this 
solution contained 0-41 % N. Since the amino-N content of 
serum globulin is under 1%, the small amount of phenyl 
isocyanate reacting with the globulin does not appreciably 
alter its total-N content. To obtain comparable conditions 
the globulin solution was therefore diluted with 0-9% NaCl 
to give a N content of 0-41%. 

NaHCO,-H,CO, buffer. 0-2-0-75 m-NaHCO, saturated 
with CO, to a pH of 7-5. 


METHODS 


Determination of radioactive sulphur (S*) in H*-treated 
proteins, etc. The material was oxidized by a mixture of 
HNO,, NaClO, and Cu wire, and the S* precipitated as 
BaSO,*; the radioactivity of the precipitate was measured 
and compared with standards as described elsewhere 
(Boursnell e¢ al. 19466), using the Geiger-Miiller counter 
system described by Banks (1946). 

Various methods were used to precipitate the treated 
proteins from the mixtures, but the usual procedure in- 
volved addition of the sample to an. excess of ethanol or 
acetone. The precipitates were washed with a number of 
different solvents and exhaustively Soxhlet-extracted with 
solvents (ether and acetone) to remove uncombined H*, 
HO,*, etc. The resulting products were dried in vacuo over 
P,O,. 

S* and total N (Kjeldahl) determinations were made, and 
the S* contents are recorded in this paper as percentage S* 
in the dried product and sometimes in terms of mmol. of 
$*/16 g. of protein N; the latter method enables one to 
obtain some idea of the number of H* groups or residues 
which have entered the protein molecule, for a S* content 
of 22 mmol./16 g. of protein N is equivalent to the com- 
bination of 22 mol. of H* with each molecule of protein, 
assuming a mean mol.wt. of 100,000 and a N content of 
16% for the protein. 

Determination of ‘masked’ plus free SH (iodine titration). 
These determinations were based on the methods described 
by Lavine (1935) and Balls & Lineweaver (1939). 4 g. of 
urea, 0-5 ml. of 5 N-KI, 1-0 ml. of 0-03 N-KIO, and 0-5 ml. 
of 5 N-HCl were added, in that order, to 2 ml. of the protein 
solution. The residual iodine was titrated with 0-01 N- 
thiosulphate (with 1% soluble starch as indicator) at any 
time up to 30 min. after the addition of the HCl. External 
cooling was unnecessary under these conditions, and no 
difference in the ‘ blank’ titration (with 2 ml. of water) was 
observed over this interval. The end-point with ovalbumin 
was poor, owing to partial precipitation of the protein by 
the HCl, but satisfactory results were obtained with 1 ml. 
of the protein solution plus 1 ml. of water. 

In some cases, where the SH content of the protein 
solution was very low, a modification of the above procedure 
was adopted. 5 ml. of protein solution were treated with 
7g. of urea, 830 mg. of KI, 1-0ml. of 0-01 n-KIO,, 
and 1 ml. of 5 nN-HCl, and titrated with 0-005 N-thio- 
sulphate. 


MUSTARD GAS AND PROTEINS 


RESULTS 


The action of mustard gas (H) on proteins 


The S* content of various H*-treated proteins. 
Guinea-pig and rabbit sera, kerateine and gelatin 
solutions, and a collagen suspension, were stirred at 
pH 7-5 and 37—38° (collagen at 30°) with H*. In two 
cases (kerateine and collagen) the H* was dissolved 
in a small quantity of ethanol to assist dispersion. 
Stirring was continued for varying periods (2}- 
12 hr.), and drops of n-NaOH or Na,CO, solution 
were added when necessary to maintain the pH at 
about 7-5. At the end of the experiment, except 
where otherwise stated, the product was precipitated 
by adding the mixture to 5-6 vol. of ethanol or 
acetone, and the precipitate was thoroughly ex- 
tracted with solvents, and dried in vacuo over P,O;. 
The details and results of these experiments are 
given in Table 1. 

The action of H* on thymus nucleoprotein. (a) 15 ml. 
of nucleoprotein solution (i) was stirred in an atmo- 
sphere of N, at 37° for 44 hr., a solution of 43 mg. of 
H* in absolute ethanol being added at intervals 
during the first 24 hr. The pH remained constant 
throughout at about 8-3. The resulting slightly 
turbid solution was poured into 6 vol. ethanol and 
the precipitated protein was centrifuged, washed 
with ethanol and acetone (7 ml. each time), then 
Soxhlet-extracted four times, for 3 hr. each time, 
with ether and acetone alternately, and dried in 
vacuo with fine grinding. The product contained 
14:-2% N and 0-46% S* (16-2 mmol. 8*/16 g. of 
protein-N or/100 g. of dry protein, assuming a 
nitrogen content of 16 % for the protein). 

(6) In a second experiment a relatively larger 
quantity of H* was used (c. 1-5 mmol./g. of protein). 
20 ml. of nucleoprotein solution (ii) +2 ml. of 
0-75 M-NaHCO, buffer (pH 7-5) were stirred as before 
with 144 mg. of H* dissolved in ethanol, the whole 
of the H* being added at the start. A heavy pre- 
cipitate formed within a short time (cf. Berenblum, 
1940). Samples were withdrawn after 1 and 5 hr., 
and the proteins, precipitated and extracted as in 
preparation (a), gave the following analyses: 1 hr. 
sample: 15-8 % N; 0-77 % S* (24 mmol. 8*/16 g. of 
protein-N). 5 hr. sample: 16-:0% N; 10% S* 
(31 mmol. S*/16 g. of protein-N). These S* contents 
are appreciably higher than the corresponding values 
for other H*-treated proteins (cf. Tables 1, 2), even 
when the latter were obtained in experiments with 
appreciably more H*/g. of original protein (cf. 
Table 2, preparation E). 

The action of varying amounts of H* on human- 
serum proteins. Experiments have been carried out 
to determine the extent of the reaction between H* 
and human-serum proteins, and also the time 
required for the reaction to go to completion under 
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Table 1. S* contents of a number of proteins after treatment with H* at pH 7-5 
and subsequent solvent extraction 


Experimental conditions 
a ‘estas 
Duration of 

Cone. of mg. of H*/g. stirring 
protein protein (hr.) 
Guinea-pig serum Assumed 7% 54 
Rabbit serum - Assumed 7% 7 
Kerateine 2 23 
Collagen suspension ; 5 
Gelatin y 12 


+ Owing to the low radioactivity of the H* used in this particular series of experiments and the low sensitivity of our 
earlier Geiger-Miiller counters, the figures in this column are not as reliable as those in subsequent tables. The ‘probable 
error’, calculated on the statistical error in counting, was about 10% for most of the S* values in Table 1. With the more 
active supplies of radioactive § used in the later experiments, the statistical error was about 2-3 %. In view of the variation 
of the ratio of H*/protein used in these experiments very little can be inferred from a comparison of the figures in column 
five. 


Protein 


Experimental details 

H*-serum proteins. Fresh undiluted guinea-pig serum and rabbit serum were used. The former was not stirred so 
vigorously as the latter, as this treatment tends to inactivate complement, and it was hoped to correlate these obser- 
vations with the results of investigations on the inactivation of guinea-pig serum complement by H (Boursnell et al. 1946¢). 
The acetone-precipitated H*-rabbit serum proteins were Soxhlet-extracted 4 times, with ether and acetone alternately 
for 3 hr. each time, and the H*-guinea-pig serum proteins extracted with acetone only (2 days with cold acetone). 

H*-kerateine. This preparation was carried out in 0-5 M-phosphate buffer (pH 7-4) in an atmosphere of N,, and the 
product was precipitated by the addition of acetic acid to pH 4-8, filtered, washed with 0-01 N-acetate buffer at pH 4:8, 
and with acetone until free from ‘hydrolyzable chlorine’. It was then suspended in ice-cold water, dissolved by cautious 
addition of n-NaOH, reprecipitated as before, and washed twice with ice-cold acetone as described by Peters & Wakelin 
(1941); it was finally Soxhlet-extracted with ether (3 hr.) and acetone (3 hr.) and dried. 

H*-collagen. 0-2 g. of ox-corneal collagen suspended in 20 ml. of 0-:9% NaCl, was stirred with 129 mg. of H* in an 
atmosphere of N,. The product was washed with water until free from chloride, then with ether, and kept under acetone 
for 14 days before being dried. 


H*-gelatin. Leaf gelatin in 0-1 M-phosphate buffer was used, and the product was precipitated with ethanol, washed 
with ethanol and acetone, and then with ice-cold water to remove inorganic salts; it was dried, and Soxhlet-extracted for 


four 3 hr. periods with ether and acetone alternately. 


the conditions of our experiments. Fresh human 
serum was stirred at 37—38° with varying amounts 
of H* dissolved in ethanol, with bicarbonate buffer 
of pH 7-5 added when relatively large amounts of 
H*wereused. Samples were taken from the mixtures 
at intervals, and the proteins were precipitated with 
ethanol, Soxhlet-extracted and dried, as described 
for H*-serum proteins in Table 1. 

The results of these experiments (Table 2) show 
that the time required for completion of the 
reaction between H* and serum proteins varied with 
the amount of H* used/ml. of serum. In this series 
of experiments, 6—9 hr. was required with the larger 
amounts of H*, but the reaction was apparently 
complete in 15 min. with the smallest amount of H*. 
It must be remembered, however, that H undergoes 
fairly rapid hydrolysis in bicarbonate buffer at 
PH 7-5, and perhaps it is only to be expected that no 
further increase in the S* content of the proteins 
would be detectable after the first 15 min. or so in 
experiments with very small amounts of H, as in 
Exp. A; after this period of time there would prob- 
ably be very little H which had escaped reaction 
with the protein or with water. On the other hand, 
when relatively large amounts of H are used, there 


is still much undissolved H left after several hours’ 
stirring. 

Fig. 1 shows the relationship between (a) the S* 
content of the H*-treated serum proteins, and 
(b) the relative amounts of H* and serum used in the 
preparation. There were slight differences between 
the conditions of the experiments (e.g. addition of 
bicarbonate buffer in some experiments; and some- 
times the H* was added in more than one portion), 
but it is believed that these do not seriously affect 
the shape of the curve. From Fig. 1 and Table 2 it 
will be seen that the maximum S* content of the 
serum proteins (about 22 mmol./16 g. of protein N) 
was obtained, under the conditions of our experi- 
ments, when 0:13 mmol. of H* was used/ml. of 
serum. 

Comparison of the amounts of H* combining with 
serum proteins and gelatin. Immunological investi- 
gations showed that whereas HO,-treated gelatin 
readily reacted with antisera to HO,-serum proteins, 
there was no precipitin reaction between H-gelatin 
and antisera to H-treated serum proteins (Boursnell 
et al. 1946d). One possible explanation is that H- 
gelatin contains too few determinant groups to give 
precipitation, and to test this explanation an experi- 
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ment has been carried out to determine the relative 
amounts of H* which combine with serum proteins 
and with gelatin under comparable conditions. For 


Table 2. S* contents of human-serum proteins 
treated with H* 





Preparation Product 
Cc a ~ c se ete 
Dura- mmol. 
tion of 8*/16 g. 
mmol. H*/ml. stirring N S* protein- 
Exp. serum (hr.) (%) (%) N 
A 0-00067 } 12-6 0-013 0-5 
2 13-5¢ 0-013f 0-5 
B 0-00227 2 14-8 0-030 1-01 
6 14-5 0-036 1-24 
C 0-0136 2 15-1 0-12 4-0 
3} 14-4 0-16 5-6 
6 14:3 0-17 6-0 
D 0-0661 5 13-5 0-427 15-6 
9 14-0 0-52 18-6 
E 0-132 9 13-7~ 0-61} 22-3 
+ Average for two samples. 
{ Average for three samples. 
Experimental details 
Human 0-75 M- 
serum * NaHCO,-H,CO, H,O 
Exp.  (ml.) (mg.) (ml.) (ml.) 
A 26 2-78 ~~ 1-0 
B 40 14-4 — —_— 
C 40 86-4 _— —_ 
D 20 210 3-5 —_ 
E 10 210 3-5 — 
eta 
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Amount of H* used (mmol. of H*/ml. of serum) 


Fig. 1. S* content of human-serum proteins after 
treatment with H*. 
7 Assuming an average mol.wt. of 100,000 and a N con- 
tent of 16% for the serum proteins. 


this purpose diluted serum containing about the 
same percentage of total N as the gelatin solution 
was used. 40 ml. of (a) 1% gelatin in 0-2mM-NaHCO, 
buffer (pH 7-5) and (b) diluted human serum (1 vol. 
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of serum plus 7 vol. of the bicarbonate buffer), were 
each stirred with 245 mg. of H* at 38° for 12 hr. 
Samples of each mixture were then treated with 
ethanol, and the precipitated proteins exhaustively 
extracted as described above (cf. Table 1). Analysis 
of the dried products gave the following results 
(averages of triplicate determinations) : 


mmol. of S*/ 


S*% 16 g. of N 
H*-serum proteins 0-41 16-6 
A*-gelatin 0-152 5-3 


The effect of H* on the sulphydryl groups of pro- 
teins. The ‘free’ SH groups of proteins (those de- 
tectable by the nitroprusside reaction or titratable 
with porphyrindin) and the ‘masked’ SH groups 
(detectable by the nitroprusside reaction in proteins 
denatured by heat, urea, or guanidine hydro- 
chloride), may both be determined by titration of 
the native protein with iodine in approximately 
Nn-HI solution under carefully controlled conditions. 
In many cases a concentration of urea of approxi- 
mately 1 g./ml. of solution must, however, be main- 
tained in order to prevent precipitation of the pro- 
tein by the acid. The technique described earlier in 
this paper has been used to determine the change in 
the SH content of proteins resulting from treatment 
with H*. 

Diminution of the SH content of ovalbumin on treat- 
ment with H*. 30ml. of a solution of crystalline 
chicken ovalbumin containing about 7% protein 
were mixed with 10 ml. of 0-75 M-NaHCO, buffer 
(pH 7-5) and stirred with 144 mg. of H* (added in 
four approximately equal amounts after 0, 15, 60 
and 110 min.) in an atmosphere of N, at 37°. 

Iodine titrations were carried out initially and 
after 8 hr., and a 31 % reduction in the SH content 
of the protein was observed in this time. (A control 
solution of ovalbumin showed no reduction from the 
initial figure of 17-2 mg. of SH/100 ml. of solution.) 
Nitroprusside tests (two drops of the protein solution 
saturated with urea on a white tile, and treated with 
1 drop of dilute sodium nitroprusside and 1 drop of 
a 1:5 solution of 0-880 ammonia) gave results of 
a confirmatory nature. Unfortunately, S* deter- 
minations could not be carried out, as the H* oval- 
bumin preparation was lost by fire. 

S* and SH determinations on human-serum pro- 
teins treated with H*. 40 ml. portions of fresh human 
serum were stirred with (i) 14-4 mg. of H*, and 
(ii) 86-4 mg. of H*, at 37° in an atmosphere of N,. 
The H* was added in ethanol solution in four portions 
at 15 min. intervals. Two 5 ml. samples were with- 
drawn from each mixture at 0, 2, 34, and 6 hr. after 
the addition of the first portions of H*. One of these 
samples was used for SH determination as described 
earlier in this paper, and the other for S* deter- 
mination on the dried extracted proteins. Total-N 
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determinations were also carried out on the reacting 
solutions and on the dried products in order to 
correlate the S* and SH content with the protein 
content in each case. 

The results of this experiment (cf. Table 3) show 
that part of the SH was abolished within 2 hr., and 
that no further decrease occurred in a further 4 hr., 
although there was a further increase in the S* 
content of the protein during this second period. The 
S* fixed in the protein molecule was much more than 
equivalent to the SH diminution even at 2 hr. 


Table 3. Diminution in the titratable SH and the 
‘fixed’ S* content of H*-treated human serum 


Duration mmol. of SH or S*/16 g. of protein-N 

mg. of r : 
H*/ml. _ stirring Titratable Diminution s* 

serum (hr.) SH in SH fixed 


0-00 6 1-2 — — 
0-36 2 0-7 0-5 1-01 
3} 0-6 0-6 
6 0-7 0-5 





~ 


1-24 


2 0-5 0-7 4-0 
3} 0-6 0-6 5-6 
6 0-6 0-6 6-0 


The action of H* on human-serum globulin and 
on phenylcarbamido-globulin. This experiment was 
carried out to determine whether or not the blocking 
of the free amino-groups of globulin by the action 
of phenyl isocyanate (Hopkins & Wormall, 1933) 
would reduce the capacity of the protein to react 
with H*. 20ml. of a solution of human serum 
globulin plus 3-5ml. of 0-75mM-NaHCO, buffer 
(pH 7-5) were stirred with 200 mg. of H*, dissolved 
in a small volume of ethanol, in an atmosphere of 
N, for 5 hr., and a parallel experiment was carried 
out with a phenylearbamido-globulin solution con- 
taining approximately the same amount of protein 
as the globulin solution. Samples of the two mix- 
tures were taken before the addition of H*, and at 
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the end of the reaction, for formol titrations carried 
out as described previously (Boursnell e¢ al. 1946a), 
Other samples taken at the end of the reaction were 
treated with ethanol and the precipitated proteins 
were Soxhlet-extracted and dried in the usual 
manner for total N and S* determinations. The 
results of this experiment are recorded in Table 4. 


The action of hydrolysis products of H* 
on proteins 


In view of the loss of vesicant power when H is 
hydrolyzed, it is of interest to know whether there 
is a similar loss of ability to combine or react with 
proteins. Experiments have therefore been carried 
out in which H* was hydrolyzed by prolonged 
shaking with a bicarbonate buffer at pH 7-5 and the 
resulting mixture allowed to react with human- 
serum proteins and with a nucleoprotein solution; 
the proteins were then separated and S* deter- 
minations were made in the usual manner. 

When H is hydrolyzed, one of the main products 
is thiodiglycol, S(CH,CH,OH),. Experiments have 
therefore been made to determine (a) whether or not 
this compound (7'G*), prepared synthetically and 
thus free from the other hydrolysis products present 
in hydrolyzed H*, reacts with a protein (serum 
albumin), and (6) whether or not treatment with 
TG* impairs the ability of the protein to react with 
Ei*. 

Hydrolyzed H* and serum proteins. 65-8 mg. of H* 
were hydrolyzed by shaking with 1-5 ml. of 0-75 m- 
NaHCoO,-buffer (pH 7-5) for 9} hr. at 37°; at the end 
of this period 1 drop of this solution had no visible 
vesicant action detectable in 24 hr. on the skin of a 
human subject. This solution and a small volume of 
ethanol were added to 30-5ml. of fresh human 
serum, and the mixture stirred at 37°. Samples were 
taken after 1 and 6 hr. and the proteins precipitated 
and extracted as described previously (cf. Table 1); 


Table 4. S* content and ‘alkali-titratable’ groups in (a) H*-treated human-serum globulin, and 
(b) H*-treated phenylcarbamido-globulin 


(All results expressed as mmol./16 g. protein-N.) 


Globulin 
s* sai 
No. of titratable groups: 
pH 7-9 
pH 9 after HCHO 
Total 
Increase in no. of titratable groups: 


Globulin to H*-globulin 
Globulin to phenylearbamido-globulin 


Phenylearbamido-globulin to H*-phenylcarbamido-globulin 


(nesses SssnE 


H*-phenyl- 
carbamido- 
globulin 


26-0 


Phenyl- 
carbamido- 
A*-globulin globulin 


14-0 _ 


47-3 75 39-5 
34-1 2-9 
81-4 42-4 
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the products contained 0-8 mmol. of S* and 1-2 mmol. 
of S*/16 g. of protein-N respectively. In a previous 
experiment with a comparable amount of unhydro- 
lyzed H* (Table 2, Exp. C) a product containing 
6 mmol. of $*/16 g. of protein-N was obtained. 

Hydrolyzed H* and nucleoprotein. 72 mg. of H*, 
dissolved in a little ethanol, was shaken vigorously 
with 1 ml. of the bicarbonate buffer until some con- 
siderable time after a homogeneous solution had 
been obtained (about 7 hr. in all). 20 ml. of nucleo- 
protein solution (preparation ii, above) were then 
added and the mixture stirred at 37° in an atmo- 
sphere of N, for 5 hr. The precipitated extracted 
protein product contained 6-0 mmol. of S8*/16 g. of 
total N. 

Thiodiglycol* (TG*) and serum albumin. The 
albumin was prepared from fresh human serum by 
saturation with (NH,),SO,, after the globulins had 
been removed by half-saturation. The (NH,),SO,- 
albumin paste was dialyzed against distilled water 
until it was free from NH, and the resulting solution 
contained about 3-5 % protein. 

Samples of this albumin solution were stirred for 
5 hr. with H* or T'G* (dissolved in each case in a 
small volume of ethanol), and at the end of this 
period, part of the T'G'*-treated albumin solution was 
stirred with H* for a further 5 hr. The proteins in the 
various mixtures were precipitated by ethanol, ex- 
tracted and dried, and S* and total-N determina- 
tions were carried out. The results, given in Table 5, 
show (a) that the amount of TG* combining under 
these conditions is very small indeed and possibly 


Table 5. The action of H* and thiodiglycol* (TG*) on 
human-serum albumin, and of H* on albumin 
previously treated with TG* 


Product 
oO eS OS 
S*/16 g. 
protein- 
N S* N 
Reagent Acting on (% (%) (mmol.) 
H* Albumin 14-0 0-96 34 
TG* Albumin 13-5 0-03+ 1 
H* TG*-albumin 13-8 0-94 34 


t This figure corresponds to about 0-8 mol. S*/mol. of 
protein, assuming a mol.wt. of 69,000 and 16% N for 
human-serum albumin. 


Experimental details 


0-75 M- 
Albumin NaHCO, 
solution buffer H,O H* or TG* 
Exp. (ml.) (ml.) (ml.) (mg.) 
A’ 10 2-0 _ 125 (H*) 
B 32 _ 6-4 306 (TG*) 


A and B were stirred in N, for 5 hr. at 37°. 12 ml. of B 
were then treated with 2-0 ml. of bicarbonate buffer and 
126 mg. of H*, and the mixture stirred in N, for a further 
5 hr. 
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negligible, and (b) that TG*-treated albumin is 
capable of combining with as much H* as does un- 
treated albumin. 


The action of oxidation products of H* 
on proteins 


Action of HO* on (a) serum proteins and (b) oval- 
bumin. This experiment was carried out in con- 
nexion with an investigation of the distribution of 
S* in the tissues of a rabbit injected with HO*, to 
determine whether the retention of S* in the tissues 
might be attributed to a general reaction of the HO* 
with the tissue proteins. Bailey & Webb (1944) have 
found that there is no measurable increase in the S 
content of fibrinogen or ovalbumin following treat- 
ment with HO, but it was thought desirable that 
further observations should be made with other pro- 
teins and with the aid of the radio-S technique. The 
results of our experiments, described below, confirm 
the observations of Bailey & Webb. 

12-1 mg. of HO*, dissolved in 0-2 ml. of ethanol, 
were stirred for 4 hr. at 37° with either (a) 6-0 ml. of 
human serum or (b) 6-0 ml. of approx. 3-5 % oval- 
bumin solution. The proteins, precipitated by 
ethanol and Soxhlet-extracted in the usual way, were 
found to contain very small amounts only of S*, the 
HO*-treated ovalbumin containing less than 1 yg. 
of S*/g. and the HO*-treated serum proteins about 
8 pg. of S*/g.; these values correspond respectively 
to 0-004 mmol. (or less) of S* and 0-03 mmol. of 
$*/16 g. of protein-N, and the higher figure is only 
equivalent to 0-03 mol. of S* or HO*/mol. of protein, 
assuming an average mol.wt. of 100,000 and a N 
content of 16% for human-serum proteins. 

Comparison of the action of HO,* with that of H* 
on rabbit plasma proteins. An experiment has been 
carried out to determine the rates of action of H* 
and HO,* on plasma proteins and to determine the 
maximum amount of each reagent combining with 
the proteins when equivalent small amounts of H* 
and HO,* are used. 

27 ml. samples of freshly prepared heparinized 
rabbit plasma were stirred, at 37° and under parallel 
conditions, with (a) 2-7 mg. of H* dissolved in 0-5 ml. 
of triacetin, or (b) 3-24 mg. of HO,* dissolved in 
0-5 ml. of triacetin. Samples were taken from each 
mixture after 5, 10, 20, 30, 45, 60, 90 and 150 min., 
and the proteins were precipitated with ethanol, 
Soxhlet-extracted, dried and incinerated for S* de- 
terminations. 

The results of this experiment are given in Fig. 2. 
The curves show a rapid increase in S* content of the 
precipitated proteins with a maximum at about 
30 min. for the H*-treated plasma and 60 min. for 
the HO,*-treated plasma. In each case a slight 
decrease occurred with further stirring, but this may 
have been due to the progressive removal of fibrin, 








752 
which was noticed to have attached itself to the 
glass stirrers during the later stages of the experi- 
ment; if this is the true explanation, it would mean 
that the H*-fibrin would have a S* content at least 
three times that of the serum proteins, but other 
experiments have shown that fibrin does not differ 
very appreciably from the other plasma proteins in 
its affinity for H*. It is of interest to note that the 
maximum S* content of the H*-treated plasma pro- 
teins (0-0135 %) was in very close agreement with 
the value obtained in a much earlier experiment in 
which human serum was treated with a similar 
amount of H* (Table 2, Exp. A). 
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Fig. 2. S* content of rabbit-plasma proteins after treatment 
with H* or HO,* (0-00063 mmol. of H* or HO,*/ml. of 


plasma). 


The reaction of HO, and divinyl sulphone with the 
amino-groups of gelatin. 100 ml. portions of a 1% 
solution of leaf gelatin in 0-33 M-NaHCO, (pH 8:5) 
were stirred at 30° with one or other of the two sul- 
phones. 0-5 g. of HO, was added at the start and a 
further 0-5 g. after 5 hr., and the stirring was con- 
tinued for 12} hr. in all. One addition of 0-39 g. of 
divinyl sulphone was made at the start, and the 
mixture was stirred for 10 hr. 

Amino-N determinations (formol method) were 
carried out as described previously (Boursnell et al. 
1946a) on 5 ml. samples of the two mixtures and on 
control solutions (no sulphone) at the end of the 
reaction periods. The results showed that about 97 % 
of the free amino-groups of the gelatin had reacted 
with HO,, and about 99% with divinyl sulphone. 
Neither of the protein products, which, from the 
immunological evidence presented in a later paper 
(Boursnell et al. 1946d) and by analogy with the 
corresponding amino-acid derivatives, appear to be 
identical, was precipitable by acetic acid; in this 
respect they differ from the sulphone-serum-pro- 
tein derivatives. 
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DISCUSSION 


These investigations have fully confirmed the view 
that H combines with a variety of proteins to form 
compounds or complexes from which the H or H. 
residue cannot be extracted by very exhaustive ex. 
traction with ethanol, acetone and ether. By using 
radioactive S as a tracer, a quantitative measure has 
been obtained of the amount of H which reacts with 
the protein under varying conditions; the reaction 
may, of course, concern more than one type of group 
in the protein, and there will in many cases be 
elimination of HCl. This tracer method cannot 
differentiate between the S* which has entered the 
protein molecule as a result of the action of H* and 
that introduced by the action of hydrolysis products 
of H*. However, hydrolyzed H* reacts to a slight 
extent only with proteins, and in any case, it is, 
from some points of view, immaterial whether the 
combination of H* with proteins is due to the action 
of unchanged H* or of its hydrolysis products. 
Hydrolysis of H* similar to that occurring in these 
in vitro experiments will undoubtedly occur in vivo. 

A variety of widely differing proteins has been 
used in these investigations. Most experiments were 
made with human serum proteins, for it was our 
intention to correlate the results with the immuno- 
logical studies of H-treated serum proteins by Beren- 
blum & Wormall (1939), but several experiments 
were made with nucleoprotein in view of the obser- 
vation of Berenblum (1940) that H reacts with and 
precipitates this protein. Amongst the other pro- 
teins we have used were kerateine and ovalbumin, 
which are rich in free and ‘masked’ SH respectively, 
and the scleroprotein collagen. No attempt was 
made to make a strict comparison of the amounts of 
H* combining with these different proteins, but it is 
of interest that H*-nucleoprotein contained signifi- 
cantly more S* than did H*-serum proteins prepared 
under similar conditions, i.e. with the same amount 
of H*/g. of the original protein. The maximum §$* 
contents of the various H*-treated proteins were 
22 mmol. for the serum proteins, 34 mmol. for 
human-serum albumin and 31 mmol. for nucleo- 
protein/16 g. of protein-N, but it is not suggested 
that these figures represent the maximum com- 
bining capacities of these proteins for H*. The values 
for the serum-protein derivatives correspond to the 
introduction of 22 and 23 S* atoms or H* residues/ 
mol. of protein, assuming mol.wt. of 100,000 and 
69,000 for the mixed serum proteins and serum 
albumin respectively and N contents of 16%. 

The experiments involving the treatment of 
human-serum proteins with varying amounts of H* 
showed that, with small amounts of H*, combination 
with the proteins was complete in a short time, 
possibly in } hr. or so, and that about half, or slightly 
more, of the added H* had become firmly attached 
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to the protein; the remainder had presumably been 
hydrolyzed to thiodiglycol* and other products 
which do not combine with proteins. With increasing 
amounts of H* there is a greater loss by hydrolysis, 
and with the highest amount of H* used in this series 
of experiments only about one-ninth became firmly 
attached to the proteins. As expected from earlier 
observations, the reaction between the serum pro- 
teins and H* was not complete, when these larger 
amounts of H* were used, until the mixture had 
been stirred for several hours (possibly 9 hr. or 
longer). When the results of these experiments are 
shown graphically, as in Fig. 1, an approximate 
measure can be obtained of the amount of H* which 
combines with the serum proteins with different 
initial H*/protein ratios. The curve suggests that 
the maximum amount of S* which can be intro- 
duced into the serum proteins in this way is about 
22 or 23 mmol./16 g. of protein-N, but because of 
our limited supplies of S* we were unable to test this 
hypothesis further by the use of still larger quantities 
of H*. Although the experiment is not strictly com- 
parable with those described in Table 2, because of 
the different protein concentrations employed, it is 
interesting to note that a later experiment, involving 
the use of diluted human serum and an H*/protein 
ratio higher than that in Exp. E, the amount of S* 
introduced into the protein was about 17 mmol./ 
16 g. of N. The amount of H* or H*-residue intro- 
duced into the proteins in Exps. D and E (of the 
order of 18-22 mol./mol. of protein) was certainly 
sufficient to account for the marked change in 
immunological properties which occurs when serum 
proteins are treated with H, and for the new specifi- 
city which is acquired. 

The comparison between the amounts of H* com- 
bining with (a) serum proteins and (b) gelatin showed 
that, with the same concentration of protein and the 
same H*/protein ratio at the beginning, the resulting 
H*-serum proteins contained about three times as 
much S* as did the H*-gelatin. This difference is 
undoubtedly very significant, and it might easily 
explain why H*-gelatin, in contrast to the H-serum 
proteins, will not give a precipitate with antisera 
to H*-proteins (Boursnell et al. 1946d). No com- 
parable figure is available for the S* content of 
HO,*-gelatin, but from the diminution of amino-N 
resulting from the action of HO, on gelatin it can be 
calculated that gelatin combines with HO, to at 
least 8 times the extent that it does with H, and it 
is not surprising to find that HO,-gelatin is readily 
precipitated by antisera to HO,-proteins. 

The question as to which protein groups are 
affected by H is one of considerable importance, 
particularly in view of the action of this substance 
on enzymes. The investigations described here have 
not solved this problem, but the results allow certain 
general conclusions to be reached. The action of H, 
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unlike that of HO,, is not primarily concerned with 
the free amino-groups of the protein, and it affects 
groups which are more common in the molecules of 
the serum proteins and nucleoprotein than in those 
of gelatin. Peters & Wakelin (1941) have shown that 
H diminishes the free SH of kerateine. Our results 
with H*-treated ovalbumin and H*-treated serum 
proteins are in conformity with this finding, but the 
amount of S* in H*-serum proteins may be 10 times 
the equivalent of the reduction in free plus ‘masked’ 
serum SH caused by the H*. Even at an early stage 
in the reaction, when the maximum reduction in the 
titratable serum SH has been effected, the amount of 
firmly combined S* in the H*-protein may be the 
equivalent of 2-5 times thisreduction. Also it should 
be noted that the maximum S* content of the H*- 
serum proteins (Table 2) is the equivalent of nearly 
20 times the total titratable SH of the serum. The 
reaction with SH can, therefore, account for a small 
fraction only of the H* combining with the serum 
proteins. 

The evidence against a reaction between H* and 
the free amino-groups of proteins is partly indirect 
but it is fairly conclusive. (1) There is no reduction 
in the amino-N (formol titration) when simple amino- 
acids (e.g. alanine) or proteins are subjected to the 
action of H. (2) The H-treated serum proteins are 
not precipitated by acetic acid, as are the HO,., 
phenylearbamido- and carbobenzyloxy-serum pro- 
teins; the introduction of a large group into the 
NH, groups of the serum and certain other proteins 
appears to lead to acid-precipitability. (3) The 
blocking of the free NH, groups of a protein (serum 
globulin) by phenylisocyanate does not reduce its 
capacity to combine with H*; actually, the phenyl- 
carbamido-globulin combined with considerably 
more H* than did the untreated globulin. 

Information about the alkali-titratable groups of 
globulin and phenylcarbamido-globulin and their 
H*-derivatives was obtained by determinations of 
(a) the amount of NaOH required to change the pH 
of the solution from 7 to 9 (phenolphthalein) and 
(b) the further NaOH required to restore the colour 
of the phenolphthalein after the addition of neutral 
formaldehyde. It may possibly be significant that 
the increase in the total number of alkali-titratable 
groups, i.e. (a) plus (6), resulting from the action of 
H*, was approximately equivalent to the amount of 
H* which had combined with the protein, with both 
globulin and phenylcarbamido-globulin; the con- 
version of globulin into H*-globulin, for example, 
led to an increased requirement of 14-8 mmol. of 
alkali/16 g. of protein-N for the complete titration, 
and to the combination of 14-0 mmol. of H*/16 g. of 
protein-N. 

The action of H* on globulin or phenylcarbamido- 
globulin is accompanied by a marked increase in the 
amount of NaOH required for the titration from 
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PH 7 to 9. This is in agreement with the observation 
of Northrop (1942) that, after treatment with H, 
pepsin shows an increased titration in this range, and 
is presumably to be accounted for by a change in the 
pK values of some group or groups in the protein 
molecule such that they become partly or com- 
pletely titratable over the pH range 7—9 (for a dis- 
cussion of the significance of these titrations, cf. 
Richardson, 1934-5). 

A change of this nature might be effected in 
several ways, e.g. (a) combination of H with a pro- 
tein group in such a way as to alter its pK value, or 
(b) an increase in the basicity of basic groups due to 
esterification of COOH groups. Another possibility 
is that certain groups of the protein molecule might 
be converted to other groups, of different pK values, 
without any corresponding combination with H (e.g. 
the conversion of guanidino- to amino-groups by 
hydrolytic fission, though there is no direct evidence 
that such a change actually occurs). In connexion 
with (6) it is of interest to note that Northrop (1942) 
and Bergmann (1942) have demonstrated that the 
action of H on certain proteins and polypeptides 
results in esterification of the COOH groups. Moritz 
(1942) and du Vigneaud (1942) showed that a 
reaction occurs with iminazole groups, and Ball 
(1943), from the titration curves of oxyhaemo- 
globin and H-oxyhaemoglobin, deduced that most 
of the reaction between HbO, and H occurs 
at the COOH and iminazole groups, with a less 
extensive reaction with groups titrating between 
pH 9 and 11-5, i.e. those of lysine, arginine and 
tyrosine. 

Our experiments with H* which has been hydro- 
lyzed in a slightly alkaline medium have shown that 
there is some retention of the power to combine with 
proteins even when normal vesicant activity has 
completely disappeared, but hydrolyzed H* pos- 
sesses weak protein-combining capacity compared 
with unhydrolyzed H*. In one experiment, hydro- 
lyzed H* gave with human-serum proteins a product 
containing 1-2 mmol. of S*/16 g. of protein-N, 
whereas an equal amount of unhydrolyzed H* gave 
a product containing 5 times this amount of S*. 
Somewhat similar results were obtained with nucleo- 
protein, for an S* content of 6 mmol. was obtained 
with hydrolyzed H*, whereas a relatively smaller 
amount of unhydrolyzed H* gave a product con- 
taining 16 mmol. of 8*/16 g. of protein-N. Thio- 
diglycol* (TG*), one of the hydrolysis products of 
H*, does not combine with proteins to any significant 
extent, nor does it reduce the capacity of the protein 
to react with H*. It may be concluded that hydro- 
lyzed H contains compounds, perhaps sulphonium 
salts of the H-TG or H-2TG type (Davies & Oxford, 
1931; cf. also Bergmann, 1942; Rydon, 1943), which, 
although not normally vesicant, are capable of com- 
bining with proteins. 
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Of the two oxidation products of H studied in 
these investigations, one, £f’-dichlorodiethyl sul- 
phone (HO,), quickly reacts with proteins (Beren- 
blum & Wormall, 1939) by a reaction with the free 
amino-groups similar to its action on amino-acids, 
whereas the other, £f’-dichlorodiethyl sulphoxide 
(HO), does not combine with proteins at pH 7-5 and 
at 37°. All our experiments with HO,* and H0* 
have confirmed these observations. 

Iva later paper (Boursnell et al. 1946c) evidence is 
produced that intravenous injection into different 
rabbits of approximately equivalent amounts of H*, 
HO* and HO,* results in similar distributions of 
‘fixed’ or firmly combined S* in the tissues 1 hr. 
after the injections. The failure of HO* to combine 
with proteins in the in vitro experiments seems to 
exclude the possibility that all three injected sub- 
stances become attached in a similar manner to the 
tissue proteins, unless, of course, it can be shown 
that HO* is converted in the tissues to HO,* or some 
other reactive compound, a possibility which we 
hope to study at a later date. In connexion with 
these injection experiments we have made a com- 
parison of the relative rates of action of H* and HO,* 
on the plasma proteins, using relatively small 
amounts of H* and HO,* in order to obtain con- 
ditions similar to those which would occur in the 
tissues of the injected rabbits. The results of the 
experiment (Fig. 2) show that, as measured by the 
amount of ‘fixed’ S* in the H*- or HO,*-proteins 
produced in a given time, the action of HO,* is some- 
what more rapid than that of H*, but, under the 
conditions of our experiment, the reaction with H* 
was completed in about 30 min., whereas that with 
HO,* required about twice as long. This difference 
between the time required for completion of the 
reaction may, however, simply be due to the fact 
that, because of the rapid hydrolysis of dissolved H*, 
the reaction of H* on the proteins will necessarily 
cease in a relatively short time when small amounts 
of H* are used (cf. also Table 2, Exp. A). With larger 
amounts of H*, i.e. when undissolved H* is present 
in the mixture for some appreciable time, the 
reaction between H* and proteins continues for 
several hours, and the curve under these conditions 
would probably show a closer resemblance to that 
for HO,* in Fig. 2. It is interesting to note that, at 
the points of maximum reaction in Fig. 2, over 85% 
of the added HO,* and about 55% of the H* had 
combined with the plasma proteins; the figure for 
H* agrees very well with the results of an earlier 
experiment with human serum and a small amount 
of H* (Table 2, Exp. A). The results of this experi- 
ment are not inconsistent with the view that the 
‘fixed’ S* in the tissues of rabbits 1 hr. after the 
injection of H* or HO,* may be attributable to a 
direct reaction between the H* or HO,* and the 
tissue proteins. 
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Other experiments, not described here, have been 
carried out to study the action of HO, (and divinyl 
sulphone) on proteins, and all have tended to show 
that the main changes involve reaction with the 
amino- and the SH-groups of the protein; the use of 
HO,* would make it possible to decide whether or 
not these are the only reactions concerned, but in- 
sufficient S* was available for this purpose. The 
action of H on proteins appears to be of quite a 
different nature, although here again, combination 
with SH accounts for part of the reaction. 


SUMMARY 


1. The action of mustard gas (H) and related 
compounds on proteins at pH 7-5-8 and at 37° has 
been studied by the use of radioactive S (S*5) as a 
tracer element. 

2. Determination of the S* content of the H- 
treated proteins has given a measure of the amounts 
of H which have reacted with the various proteins. 
The results have fully confirmed the view that H 
readily reacts with many widely differing proteins. 

3. The maximum amount of H which combines 
with the human-serum proteins is about 22 or 
23 mmol./16 g. of protein-N, equivalent to 22 or 
23 mol. of H or H-‘residue’/mol. of protein, assuming 
amean mol.wt. of 100,000 for the serum proteins. 
This amount is sufficient to account for the new 
immunological specificity of H-treated proteins. 

4. No attempt has been made to determine the 
maximum amount of H which can combine with all 
the proteins used in these experiments, but values 
higher than those for the mixed-human-serum pro- 
teins have been obtained for H-nucleoprotein 
(31 mmol./16 g. of protein-N) and for H-treated 
human-serum albumin (34 mmol./16 g. of protein- 
N). 

5. When a gelatin solution and diluted human 
serum containing the same percentage of protein 
are separately treated with the same small amount 
of H, the H-serum proteins produced contain about 
3 times as much §* as does the H-gelatin. 

6. When human serum is treated with small 
amounts of H, over 50% of the added H may com- 
bine with the protein and the reaction may be com- 
plete in 15 min. With larger amounts of H, more S 
enters the protein molecule (up to the limits given 
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above), but the reaction requires 9 hr. or longer to 
reach completion, and a much higher percentage of 
the H (90 % in some cases) undergoes hydrolysis or 
some similar change. 

7. There is a marked reduction in the free SH and 
the titratable SH (free plus ‘masked’) of various 
proteins as a result of the action of H. The amount of 
S entering the serum proteins may, however, be at 
least 10 times the equivalent of the reduction in 
titratable SH. Reaction with SH groups can there- 
fore account for a small part only of the combination 
of H with the serum proteins. 

8. The blocking of the free NH,-groups of a 
protein by phenylisocyanate does not reduce the 
capacity of the protein to react with H. From this 
and other evidence it is concluded that H does not 
act mainly, if at all, on the free amino-groups of 
proteins. 

9. H which has been hydrolyzed in a slightly 
alkaline medium until all detectable vesicant power 
has disappeared, combines with proteins, but to a 
much smaller extent than does unhydrolyzed H. 
Thiodiglycol, one of the chief hydrolysis products of 
H, does not combine with proteins to any significant 
extent. 

10. £Bf’-Dichlorodiethyl sulphone (HO,) readily 
reacts with proteins, chiefly with the amino-groups, 
but 8f’-dichlorodiethyl sulphoxide (HO) does not. 

11. A comparison has been made of the action of 
a small amount of HO, with that of an equivalent 
amount of H on plasma proteins. Under the con- 
ditions of this experiment the reaction with H ‘as 
complete in about 30 min. and that with HO, in 
about 1 hr., but the HO,-protein contained con- 
siderably more S** than did the final product of the 
H-plasma reaction. These results are briefly dis- 
cussed in relation to the results of the injection 
experiments. 

Radioactive S for these investigations was kindly supplied 
by the Cambridge, Liverpool and Berkeley cyclotron teams, 
as mentioned in the Introductory Paper to this series, and 
the expenses of the work were covered by grants from the 
Ministry of Supply and the Medical Research Council. One 
of the authors (J. C. B.) is indebted to the Medical Research 
Council for a personal grant during the early stages of this 
investigation. We are also indebted to the Director-General 
of Scientific Research (Defence), the Ministry of Supply, for 
permission to publish this paper. 
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By J. °C. 


Young (1941) showed that when H* (mustard gas 
containing radioactive sulphur) is applied to the tail 
of a rat, some of the S* (radioactive 8) derived from 
the H* passes from the site of application, and is later 
found in the liver, kidneys and urine of the animal, 
and Salter (1942) found considerable amounts of S* 
in the bone marrow of rats 3 hr. after H* had been 
applied to the skin. Cameron (1941) has described 
the systemic damage occurring in H-treated animals, 
and Needham, Cohen & Barrett (1943), in investi- 
gations on the systemic effects of H, have drawn 
attention to the fact that there is inhibition of 
glycolysis in bone marrow, and that there is an 
appreciable delay in the onset of this inhibition, 
parallel with the delay in the appearance of histo- 
logical damage. They also showed that, in contrast, 
the action of H on the enzymic systems of bone 
marrow in vitro is almost immediate. One possible 
explanation for the delay, discussed very tentatively 
by Needham e¢ al., is that H or some derivative of 
it might be stored in the fat of the bone marrow or 
elsewhere in the body and released slowly over a long 
period. In the hope of throwing some light on these 
problems, we have carried out investigations in- 
volving the injection of H* into rabbits and the 
determination of the distribution of S* in the 
blood and other tissues of the animals at various 
intervals (up to 12 hr.) after the injections. In 
other experiments the excretion of S* in the urine 
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and the bile of rabbits injected with H* has been 
investigated. 

In these experiments, two types of determination | 
of the S* content of a tissue have been made, one 
involving a determination of the total S* and the 
other the ‘fixed’ or firmly combined S*. For the 
total S* determinations tissues were dried in vacuo 
but were not extracted with any solvent; these 
results give a measure of the combined and uncom- 
bined H* plus any other S*-containing substance 
present in the tissue at the time that the rabbit was 
killed. The ‘fixed’ S* determinations were made on 
the minced tissues after they had been exhaustively 
extracted with various solvents, to remove loosely 
























attached H* and related compounds, and then dried; | oy, 
it is believed that these values give a measure of the | tej 
amount of H* which has combined with the proteins 

and perhaps other constituents of the tissues. The 

use of the term ‘fixed’ is not intended to imply that 

the attached S* will necessarily remain fixed in the} / 
tissues in vivo, and, indeed, evidence is presented to 

the contrary, for in some of the experiments the] | 
results suggest that there is, in the intact animal, } as, 
fairly rapid removal of this ‘fixed’ S* from the | | } 
tissues. In the majority of cases where determina: | res 
tions were made of both total S* and ‘fixed’ S*, the f det 
two values were of the same order when both results | anc 
were given per g. of material dried over CaCl, i | son 
vacuo; occasionally, however, the ‘fixed’ S* value } exa 
was appreciably higher than the total S*, pre | this 
sumably due to the extraction by the solvents of } (a) | 
fatty substances containing little or no S*. trat 





Vol. 40 


METHODS 


Injections. The H*, prepared as described previously 
(Boursnell, Francis & Wormall, 1946a), was dissolved in 
triacetin to give a 5% solution. This solution was injected 
into the marginal ear vein of a rabbit in amounts equivalent 
to 5 mg. of H*/kg. body wt. 

Collection of the blood samples. Blood was taken from 
the ear not used for the injection and was collected in tubes 
containing a 0-1% heparin solution in 0-9% NaCl (about 
5% of the volume of blood to be collected). The heparin 
was part of a sample kindly presented to one of us (A. W.) 
some years ago by Dr J. E. Jorpes. 

Treatment of the blood samples. 5 ml. samples were centri- 
fuged, the plasma separated and the cells washed 3 times 
with about 3 ml. of 0-:9% NaCl each time, the washings 
being added to the plasma. The cell and plasma fractions 
were incinerated without further treatment. 

Treatment of the tissues. The injected rabbit was killed 
and the tissues immediately excised and cut into small 
pieces; in some of the later experiments they were minced 
ina Latapie mincer. The stomach and duodenal walls were 
washed with tap water to remove the adhering contents 
before the tissue was dried, but the mucosa, muscularis 
and serosa were retained in the sample to be analyzed. 
The heart was cut open and washed to remove the blood 
from the chambers. 

Total S* determinations were made on the products 
obtained by drying a weighed amount of the minced wet 
tissue (usually about 2-3 g.) in vacuo over CaCl, to constant 

; weight. The results can thus be expressed as yg. of S*/g. 
of wet or dry tissue. 

For ‘fixed’ S* determinations, the minced tissue was 
kept under acetone for some time, ground to a fine powder 
with liquid air, then Soxhlet-extracted (for four 3 hr. periods 
with ether and acetone in rotation) and finally dried in vacuo 
over CaCl, to constant weight. 

8* determinations. The solution or solid was incinerated 
with HNO,, NaClO, and Cu wire, and the S* precipitated 
and determined as BaSO,* as described previously (Bours- 
nell et al. 19464), using the Geiger-Miiller counter system 
described by Banks (1946). 

Total N (Kjeldahl). In many cases total-N determinations 
were made on the samples used for S* determinations in 
order that an approximate measure of the maximum pro- 
tein content of the tissue might be obtained. 


RESULTS 


Distribution of S* in the tissues after the injection 
of H* into rabbits 

Five rabbits were intravenously injected with H* 
as described above, and two (A and B) were killed 
lhr. and the others (C, D and E), 24, 4 and 12 hr. 
respectively after the injection. In all cases, S* 
determinations were made on the liver, kidney, lung 
and bone marrow (tibial and femoral), and with 
some rabbits a number of other tissues were also 
examined. Tables 1-3 and Fig. 1 give the results of 
this experiment, which was designed to determine 
(a) how quickly the H* (or derivatives of H*) pene- 
trated into the various tissues and how long it 
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remained there, and (6) whether there was prefer- 
ential retention of the S* in any tissue. 


Table 1. ‘Total’ S* in rabbit tissues at intervals after 
the intravenous injection of H* (5 mg. of H*/kg. of 
body weight) 


Rabbit Dried tissue Wet 
killed — UV tissue 
after N S* S* 
(hr.) (%) (ug-/g-) — (ug./g-) 
1 (A) 11-1 13-2 3-5 
1 (B) 12-0 20 4-6 

24 (C) “2 13 3-0 
4 (D) a 
12 (E) . 3-4 
1 (A) ¥ 4:8 
1(B) 5-8 
23 (C) . 2-6 
4 (D) “3 2-6 
12 (E) : 1-6 

1 (A) . 6-3 

1 (B) 2-5 8-4 
24 (C) . ll 

4 (D) . 18 
12 (E) 2-2 3-2 

1 (A) = 

1 (B) 0-7 
24 (C) 0-02 
4(D) 1-04 0-3 
12 (E) 1-04 0-08 


A, B, C, D and E refer to the rabbits (each about 2-5 kg. 
in wt.) used in this experiment. - 


Kidney 


0-83 


Bone 
marrowt 


+ Owing to the relatively low water-content of this 
tissue, there was less difference between the S* contents of 
the wet and dried tissues in the case of bone marrow than 
with the other tissues examined. 


Table 2. ‘Total’ S* in other rabbit tissues after the 
intravenous injection of H* (5 mg. of H*/kg. of 
body weight) 


Rabbit Dried tissue Wet 
killed ———"_.. __ tissue 
after N S* S* 
(hr.) % (ug-/g-)  (ug-/g-) 
23 (C) 10-1 1-4 
4 (D) oes 
12 (E) 5 0-22 
1 (B) 2. 0-5 


Perfused 
kidney 
Spleen 
Stomach 
wallf 
Duodenal 
wallt 
Brain 
Heart 
Musclef 
Skin 
Thyroid 


1 (B) 0-86 
“1 0-3 

3-1 0-7 
2-1 0-5 

0-2 
Less than 

0-5 

+ The stomach and duodenum were washed to remove 
their contents, but the mucosa, muscularis and serosa were 
included in the tissue examined. 

t Representative portion of entire minced skeletal 
muscle. A, B, C, D and E refer to the rabbits used in this 
experiment (cf. Table 1). 


1 (B) 
1 (A) 
1 (A) 
1 (A) 
1 (A) 
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Table 3. ‘Fixed’ S* in rabbit tissues at intervals after 
the intravenous injection of H* (5 mg. of H*/kg. of 
body weight) 


N (%) S* (ug./g. dry tissue) 
Rabbit killed after (hr.) Rabbit killed after (hr.) 
- A. acacia Risotm nm 


7" ny c ’ 


Za 
l 1 23 4 1 > me. 


(A) (B) (C) (D) (A) (B) (C) (D) 

Kidney 1233 12-4 — 12-1 21 16 — 10-5t 
Liver 12-4 11-6 11-7 12:4 48 75 3-8f 5-5 
Lung 12-7 124 — 124 68 35 — 14 
Muscle§ 13-7 — — — 085 — — — 
Brain — i138 —- — — 3 —_- — 
Stomach — 12:8 - 06 — — 

wall | 
Duodenal — 12-7 - = -- 60 — — 

wall|| 


A, B, C and D refer to the rabbits used in this experiment 
(cf, Table 1). 

+ This kidney was perfused with Ringer solution via the 
blood vessels for about 10 min. 

t This material was powdered under cold acetone, but 
was not Soxhlet-extracted. 

§ and || see footnotes to Table 2. 


ug. of S*/g. of dried tissue 
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Hours after the injection 


Total S* in tissues of rabbits after the injection of 
5 mg. of H*/kg. of body wt. 


Fig. 1. 


S* content of the blood of rabbits after the 
injection of H* 
ixperiments have been carried out to determine 
the distribution of S* between the plasma and the 
cells of the blood at intervals after the injection 
of *. 

Rabbit F was injected with 5 mg. of H*/kg. of 
body wt., and blood samples (5-6 ml.) were taken at 
intervals up to 12 hr. Total S* determinations were 
made on the separated plasma (plus cell washings) 
and cells from 5-0 ml. blood samples. The results of 
this experiment are shown in Fig. 2. 

The graphs in Fig. 2 show that throughout the 
whole period of the experiment about two-thirds of 
the S* in the blood was present in the plasma, the 
actual percentage being a little higher during the 
first hour than it was thereafter. The blood cell S* 
remained fairly constant for the first 2 hr. and then 
fell slightly, but the plasma S* fell considerably 
during the period 1-4 hr. after the injection, pre- 
sumably as a result of gradual diffusion of H*, H*- 
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hydrolysis products or other diffusible H*-com. 
pounds into the tissue spaces, urine, etc. 

A point of interest arising from these results js 
that the S* content of the blood during the early 
stages of the experiment, i.e. 20 min. and | hr. after 
the injection, was only about one-tenth of that which 
would be expected if the H* were evenly distributed 
throughout the vascular system and retained in the 
blood. This observation supports the view that an 
appreciable part of the injected H* rapidly diffuses 
into the tissue spaces, or is excreted in the urine or 














pg. of S*/ml. of whole blood 
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eC } 2S 3 © 8 10 11 12 
Time (hr.) 
Fig. 2. Total S* in the blood cells and plasma of a rabbit 
after the injection of 5 mg. of H*/kg. of body wt. 





In connexion with these determinations on blood, 
a control in vitro experiment has been carried out to 
determine (a) the ‘recovery’ of S* when determina- 
tions are made on H*-blood mixtures, and (6) the 
distribution of S* between the plasma and cells in 
these mixtures. 6 mg. of H* (5% solution in tr- 
acetin) were added to 90 ml. of heparinized rabbit 
blood and the mixture was stirred at 37° for 12 hr. 
Samples were taken at intervals and total S* deter. 
minations were made on the separated washed cells 
and plasma (plus cell washings). The results showed 
a low recovery of the added S*, the values being 
consistently about 20 % below the theoretica! values; 
this was not unexpected, for it has been noted 
previously (Boursnell e¢ al. 1946) that although the 
method used for S and 8* determinations gives 
theoretical values with H, HO, HO, and with HO, 
amino-acid derivatives, the recovery with hydro 
lyzed H is invariably low. In this experiment the 
cell S*/plasma S* ratio was 1-6 in the samples taken 
20 min. after the addition of the H*, and 0-6 after 
1 hr., at which level it remained fairly constant for 
the rest of the experiment. This suggests an initial 
combination of much of the H* with the red cell 
and a later dissociation of this complex. [Cogat, 
Kinsey & Grant (1942) have noted arapid associatia 
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of H with red cells in vitro.] In the in vivo experi- 
ment described above (rabbit F) the change was 
different, for the ratio increased slowly from 0-38 at 
20 min. to 0-63 at 12 hr. after the injection of the H*. 


The excretion of S* in the bile following injection 
of H* into rabbits 


Evidence was obtained in an experiment described 
elsewhere (Boursnell et al. 19466) that the bile con- 
tains considerable quantities of ‘S* after the intra- 
venous injection of HO* into a rabbit, and it was 
therefore decided to study the excretion of S* in the 
bile of a cannulated rabbit after the injection of H*. 
The contents of the alimentary tract of the injected 
rabbit were also examined to determine whether or 
not S* is excreted there even when no bile enters the 
tract. 


Experimental details. A female rabbit (J, 2-7 kg.) was 
anaesthetized by an intravenous injection of urethane 
(1-5 g./kg. of body wt.). A cannula was inserted into the 
bile duct about 1 cm. from the entrance into the duodenum, 
the duct being ligated between the cannula and the duo- 
denum. The gall bladder was tightly ligatured at the neck 
and emptied with a syringe. 

30 min. after the completion of the operation, the 
cannula was emptied, and a solution of H* in triacetin 
(img. of H*/kg. of body wt.) was intravenously injected 
into the rabbit; thereafter the cannula. was emptied at 
frequent intervals, and total-N and total-S* determinations 
were carried out on the weighed samples of bile obtained. 
All the total-N values were of the same order of magnitude 
(varying between 0-074 and 0-094 %). 

The rabbit was kept warm with lamps and cloths, and 
intravenous injections of warm saline (10 ml.) were made 
at hourly intervals. The rectai temperature 15 min. after 
the injection of H* was 37-5° and it rose slowly to 39-0° at 
3} hr., when the rabbit died suddenly. Immediately after 
the death of the animal, the alimentary canal was tied off 
in sections and removed. The contents of each section were 
washed out into a separate vessel, and treated as follows 
for S* determinations. 

(a) The whole of the stomach contents was evaporated 
after the addition of a little NaOH (to prevent loss of H,S*), 
and re-evaporated with conc. HNO,. It was then boiled 
with a mixture of 2 vol. of conc. HNO, and 1 vol. of 60% 
HClO, until a clear solution was obtained. This solution 
was diluted to 250 ml. and sample portions were pre- 
cipitated with BaCl,. 

(b) The contents of the duodenum, and those of the middle 
and caudal parts of the small intestine, were separately 
made alkaline, evaporated and then re-evaporated with 
conc. HNO,. The products were transferred to incineration 
tubes and treated in the usual manner for S* determina- 
tions, 

(c) The contents of the caecum and large intestine were 
treated as in (a), but the material was lost by an explosion 
caused by the mixture with HClO, being allowed to boil 
almost dry. 

S* determinations. These were carried out in the usual 
manner (Boursnell et al. 1946a) with the following slight 
modifications. A small amount of Na,SO, solution (equi- 
valent to 15 mg. of BaSO,) was added to each bile sample 
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before the BaSO,* was precipitated, to ensure a suitable 
amount of BaSO,* for radioactivity measurements. Where 
the radioactivity of the samples was expected to be low 
(e.g. with stomach contents), amounts of BaSO,* rather 
larger than usual were spread (up to 50mg.) and 
the appropriate ‘self-absorption’ corrections applied as 
described by Banks (1946). 


The excretion of S* in the bile of the injected 
rabbit is shown in Fig. 3. Within the first 10 min. a 
significant amount of S* (7-3 yg.) was excreted, and 
during the 3} hr. that the animal survived a total 
amount of 200 yg. was found in the bile, i.e. a little 
over 7 % of the S* in the H* injected. Even in the 
last specimen of bile obtained, the concentration of 
S* was still appreciable (5-4 yg./g. of bile), but the 
rate of flow of the bile had decreased very consider- 
ably. It appears probable, therefore, that even more 
S* would have been excreted via this channel had 
the flow of bile been maintained. 

The amount of S* in the contents of the alimen- 
tary tract was relatively very small, viz. stomach 
(15 pg.) ; duodenum (1-5 yg.) ; small intestine, middle 
portion (13 »g.); small intestine, caudal portion 


(3-5 yg.). 


200° 


pg. of S* (A); pg. of S*/g. of bile (B) 


l - 2 3 4 
Time (hr.) 


Fig. 3. The excretion of S* in liver bile after the injection 
of H* into a rabbit (13-5 mg. of H*, i.e. approx. 2700 yg. 
of S*). A, total amount secreted (ug. of S*); B, concen- 
tration (wg. of S*/g. of bile). 


The excretion of S* in the urine and faeces following 
the injection of H* into rabbits 


In order to obtain as complete a picture as possible 
of the fate of injected H*, experiments have been 
carried out to determine the S* content of the urine 
of rabbits at intervals after the injection of H*. 
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Three rabbits were anaesthetized, and glass can- 
nulae, made in the form of thistle funnels, were tied 
into their bladders in such a way as to permit the 
minimum of dead-space without obstructing the 
openings of the ureters. Anaesthesia was first pro- 
duced by an intravenous injection of 14 ml. of 20% 
urethane, and maintained by occasional small quan- 
tities of ether. The animals were kept warm by cloths 
and lamps. As the volume of urine secreted by 
rabbits is small, particularly by the anaesthetized 
animal, the flow was stimulated by the intravenous 
injection of 0-9% NaCl at intervals. The times of 
these injections are indicated by arrows in Fig. 4. 
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Fig. 4. Urinary excretion of S* after the injection of H* into rabbits [5 mg. of H* (containing approx. 1000 yg. of S*)/kg. 
of body wt.]. —o— urine secreted (g./kg.); — x — excretion of S* (ug./kg.); + injection of 10 ml. of warm saline; 


+ injection of 15 ml. of warm saline. 
* 


A 5% triacetin solution of H* (5 mg./kg. of body 
wt.) was injected intravenously a few minutes after 
the completion of the operation, and the urine 
samples were collected at intervals in weighed in- 
cineration tubes; these samples were treated with 
HNO,, etc., and the sulphate precipitated as BaSO,* 
after the addition of a known amount of Na,SO, 
(added to give a suitable amount of BaSO, for 
spreading). 

Rabbit K. Female, 2-80 kg.: 100 ml. of water adminis- 
tered by stomach tube beforehand. The rectal temperature 
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1946 
rose from 37-2 to 37-9° during the experiment. The rabbit 
was killed 4 hr. after the injection. 

Rabbit L. Female, 2-20 kg.: 100 ml. of water given by 
stomach tube beforehand. The rectal temperature fell from 
38-0 to 37-0°. The animal was hyperventilating throughout 
the experiment. Death occurred 4} hr. after the injection 
of the H*. 

Rabbit M. Male, 2-50 kg.: rectal temperature fell from 
37-8 to 35-2°. The animal was killed 7 hr. after the injection, 


The whole of the pinna of rabbit K used for the | 
injection of the H* was analyzed in sections for $* 
content, in order to determine whether any appre- 
ciable amount of S* remained at or near the site of 












g. of urine/kg. of body wt. 










the injection. With another animal (M), the S* in the 
contents of the alimentary tract was determined, for 
comparison with the results obtained with rabbit 
(J) whose bile-duct had been cannulated; the col- 
lection and treatment of the contents followed closely 
those described for the experiment with rabbit J. 
The amounts of S* excreted in the urine of rabbits 
K, L and M are given in Table 4, and the rates of 
excretion of urine and of urinary S* are shown in 
Fig. 4. For purposes of comparison, S*-determina- 
tions were made on the urine taken from the bladder 
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of another rabbit (A, of 1-85 kg.) immediately after 
the animal had been killed (1 hr. after the injection 
of 5 mg. of H*/kg. of body wt.). This rabbit, which 
was not anaesthetized or subjected to surgical treat- 
ment, was found to have 121 yg. of S* in the urine 
(c. 3 ml.) in its bladder. No S* was detectable in the 
sample of urine (42 ml.) passed by this animal 6 min. 
after the injection. 


Table 4. Urinary excretion of S* by rabbits after the 
intravenous injection of 5 mg. of H*/kg. of body 
weight 











Rabbit K Rabbit L Rabbit M 
c en Sf ee wey os ~ ‘ 
Time S* in S* in S* in 
interval Urine sample Urine sample Urine sample 
(min.) (g-) (ug-) (g-) (ug-) (g-) (ug) 
0- 10 0-630 5-8 0-900 7-0 0-270 1-3 
10-20 0-491 20:3 0-244 13-4 0-280 7-4 
20-30 =0-607 =. 225-0251) 332-5 0-165 9-0 
30- 60 4-494 59:9 0-503 549 0-357 29-9 
60-120 2-923 168 0-241 30-7 0-984 99-4 
120-180 4-880 182 c¢.0-5 88-7 1-131 129 
180-240 2-250 154 0-123 76 0-941 81-5 
240-300 — 0-048 2-8 0-292 24-9 
300-360 0-127 14-4 
360-415 — — — — 0467 31-7 
Totals 16-277 6125 28 237-6 5-014 428-5 


t These figures relate to the time interval of 240 to 


273 min. only. 
Rabbits K, L and M received injections of 2800, 2200 
and 2500 yg. S* respectively. 


Table 5. S* in the contents of the alimentary canal of 
rabbit after the intravenous injection of 5 mg. of 
H*/kg. of body weight 

Total S* (yg.) 





c 


Rabbit M Rabbit J 
(without biliary (with biliary 
cannula) cannula) 
Stomach 12-4 15 
Duodenum 38-5 1-5 
Small intestine 57-7 16-5 
Large intestine, ; 199 — 
caecum and rectum 
(+ faeces passed) 
Bile of rabbit- with 200 


biliary cannula 


Rabbits M and J received injections of 2500 and 2700 yg. 
of S*, and were killed 7 hr. and 3} hr. after the injections 
respectively. 


Analysis of the injected pinna of rabbit K showed 
the presence of less than 1 yg. of S* in the whole ear 
4 hr. after the injection of 14,000 pg. of H* (i.e. 
2800 ug. of S*). The S* in the contents of the 
alimentary tracts of rabbits J and M are given 
in Table 5. 
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DISCUSSION 


In the experiments described here an effort has been 
made to trace the H* injected into rabbits by deter- 
mining the amount of S* in the blood, tissues, urine 
and bile at various intervals after the injection. 
Because of the limited supply of radioactive 8 avail- 
able to us, many of these injection experiments have 
had to be carried out on single rabbits, but in all 
cases where an experiment has later been repeated 
on another rabbit, results have been obtained very 
similar to those of the earlier experiment. Individual 
differences do undoubtedly occur, due in some cases 
perhaps to different rates of excretion of relatively 
large amounts of S* in the urine, bile, etc., but there 
is a very general similarity between the results of 
similar experiments. 

The use of an isotopic tracer in these experiments 
can, of course, only provide information about the 
fate of that part of the molecule containing the 
tracer. The results presented in this paper do not, 
therefore, give any information about the exact 
nature of the compound in which the S* occurs in the 
tissue; they merely give the amount of free plus 
combined H* and its S*-containing derivatives in 
the case of the total S* values, and the amount of 
S* (or H*-‘residues’) firmly attached to the proteins 
and other ether- and acetone-insoluble constituents 
of the tissues in the case of the ‘fixed’ S* values. In 
view of the fairly rapid hydrolysis of H in aqueous 
media, it seems likely that most of the ‘free’ S* (the 
difference between the total S* and the ‘fixed’ S*), 
particularly that in the tissues several hours after the 
injection, is largely represented by hydrolysis pro- 
ducts, e.g. T'G* (thiodiglycol*) and perhaps H*-TG* 
compounds, rather than by unchanged H*. The 
possibility of unchanged H* remaining associated 
with the fats and related substances for some con- 
siderable time must not be excluded however, 
although most of our experiments have shown that 
the tissues of the injected rabbits often lost relatively 
little of their S* as a result of long extraction with 
ethanol, acetone and ether. 

Three main conclusions can be reached from the 
results of the various experiments described in this 
paper. (a) Much of the injected H* or its hydrolysis 
or reaction products rapidly diffuses from the blood 
stream. (b) There is widespread distribution of S* 
in the tissues of the injected animal, with retention 
of the ‘fixed’ S* in these tissues for some consider- 
able time after the injection ; however, there does not 
appear to be any obvious relationship between the 
‘fixed’ S* and the extent of damage occurring in 
any particular tissue. (c) There is rapid excretion, 
starting shortly after the injections, of S*-containing 
compounds (and possibly some unchanged H*) in the 
urine and bile. 
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The appearance of S* in the urine 10 min. after the 
injection of H* indicates a rapid diffusion of H* from 
the blood stream, but there is also other evidence of 
the rapidity of this diffusion. 20 min. after the in- 
jection of H* into rabbit F (Fig. 2) the total S* 
content of the blood was only about one-tenth of 
that which would be obtained by uniform distri- 
bution of the H* throughout the blood, assuming a 
blood volume of 1/13 of the body weight. In this 
experiment the blood S* content remained approxi- 
mately constant for the period 20 min.—1 hr. after 
the injection and then fell appreciably during the 
next 3 hr., largely as a result of a fall in plasma S*; 
for the next 8 hr. the blood total S* remained fairly 
constant. Throughout most of the 12 hr. experiment 
with rabbit F the plasma 8* accounted for about 
two-thirds of the total blood S*. 

The widespread distribution of S* in all the 
examined tissues of the injected rabbits, and the 
fact that most of this S* is ‘fixed’, suggest that there 
is a general combination of the H*, or some ‘meta- 
bolic’ product of H*, with constituents of the 
tissues. H readily reacts in vitro with a variety of 
proteins (for a short review of the literature, cf. 
Banks, Boursnell, Francis, Hopwood & Wormall, 
1946 a, b), and there appears to be no doubt that a 
similar reaction occurs in vivo. The general similarity 
between the total S* and the ‘fixed’ S* contents of 
any one tissue at any particular time after the in- 
jection of H* indicates that much of the S* in the 
tissue is, in fact, firmly bound to the ethanol- and 
ether-insoluble constituents of the tissues. A small 
fraction only of the S* contents of the organs and 
tissues examined, particularly in the case of kidney, 
lung and liver, can be attributed to the blood present 
in the tissue. The amount of S* in the kidney, lung 
and liver 1 hr. after the injection of H* was, for 
example, appreciably greater than the S* content of 
an equal weight of the blood, and certainly many 
times as great as the maximum amount of S* which 
could be present in the blood in the tissues. In two 
experiments a kidney of the injected rabbit was 
perfused for about 10 min. with Ringer solution via 
the blood vessels, and even after this treatment a 
high value was obtained for the S* content of the 
kidney. There appears to be little doubt therefore 
that appreciable amounts of S* are firmly fixed in 
most tissues after the injection of H*. 

Of the tissues examined, the kidney, lung and 
liver invariably showed much higher S* contents 
than did the others, and it is very significant that 
these are excretory organs. It would appear that the 
relatively large amount of S* in these three tissues 
might be due to the combination of H* or H*-TG* 
with proteins, etc. during the process of excretion of 
these substances in the urine and bile and possibly 
expired air. The rapid excretion of S* in the urine of 
the injected rabbits certainly suggests that the 
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glomerular filtrate might contain significant amounts 
of unchanged H* which could of course react with 
the cells of the tubules. In the case of lung tissue, 
the high value might be due to the fact that the 
intravenously injected H* meets its first major 
capillary system in the lung; it is much more prob- 
able, however, that it is due to the continued 
passage of H*, and possibly other relatively volatile 
8*-containing compounds, from the blood, and their 
fixation in alveolar tissue. The high S* content of 
the liver can also be explained by reference to the 
excretory function of the organ, for considerable 
amounts of S* were present in the bile of the injected 
animals. The presence of large amounts of S* in the 
excretory organs does not appear to be due solely to 
a relatively large blood supply, since the thyroid, 
which has a very large blood supply, shows S* values 
much lower than those of kidney, lung and liver. 

These experiments have shown that with most 
tissues there was not much difference between the 
total S* and the ‘fixed’ S* of that tissue at any one 
time after the injection. This ‘fixed’ S* does not 
appear to be permanently fixed, and at a later stage 
(cf. Tables 1 and 3 and Fig. 1) there was appreciable 
loss of this S*. Values for the ‘fixed’ S* contents of 
the tissues 12 hr. after the injection are not available, 
but it will be noted that the total amount of S*/g. 
of dried kidney, liver or lung tissue 12 hr. after the 
injection was lower, and generally much lower, than 
the lowest ‘fixed’ S* content of the same tissue _ 
during the period 1-4 hr. after the injection. For 
example, the total S* content of the kidney 12 hr. 
after the injection of H* was 3-4 yg./g. of dried 
tissue, whereas the ‘fixed’ S* contents 1—4 hr. after 
the injection ranged from 10-5 to 21 yg./g. How this 
‘fixed’ S* is removed from the living tissue is not 
known, but it is interesting to note that in vitro 
experiments with H* and plasma have suggested the 
possibility of some loss of S* by H*-plasma-protein 
complexes when these are kept in solution at pH 7:5 
and 37° (Banks e¢ al. 1946 a). On the other hand, the 
loss of ‘fixed’ S* by the tissues may simply be due 
to the removal of the changed protein, i.e. the H*- 
protein, from the tissue. 

The comparison of the total S* contents of any 
one organ 1, 24, 4 and 12 hr. after the injection of H* 
into rabbits has shown that with kidney and liver 
the maximum values are recorded 1 hr. after the 
injection, and that there is a subsequent pronounced 
fall (cf. Fig. 1). In the case of lung, however, the 
value rises to reach a peak only at the 4 hr. stage, 
with a distinct fall during the next 8 hr. (i.e. the 
value for the lung appears to be rising while those 
for the kidney and liver are falling); if the high S* 
contents of kidney and lung are both to be explained 
on the ‘excretory hypothesis’ it is not easy to explain 
the differences between the times required for the 
maximum values to be attained. 
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The total S* in the bone marrow was very small at 
all times, i.e. at 1, 23, 4 and 12 hr. after the injection, 
and we have been unable to confirm the observation 
of Salter (1942) that the S* content of the bone 
marrow 3 hr. after the injection of H* is greater than 
the 8* content of the kidney, liver and lung. In our 
experiments the bone marrow showed a maximum 
$* content at 1 hr., but the values were very low 
compared with those for kidney, liver and lung. The 
§*/total-N ratio for bone marrow was, however, of 
the same order as those for most other tissues of the 
body, and this would support the view that most 
of the S* in the various tissues is in association with 
proteins. There does not appear to be any prefer- 
ential storage of injected H*, within the limits of 
our experiments, in the fatty tissues, and in several 
cases the removal of fatty matter from the S*-con- 
taining tissue has led to an increase in the S* content 
per g. of dried tissue. 

The other tissues examined (Table 2) were found 
to have S* contents appreciably below those for the 
excretory organs; the total S* values ranged from 
0-2 to 0-7 pg./g. of wet tissue (or 0-9 to 3-1 yg./g. of 
dried tissue). Duodenal wall gave the highest value 
among these other tissues (4-7 yg./g. of dried tissue), 
but this high value can probably be explained by the 
excretion of much S* in the bile and its retention in 
the duodenal wall or mucosa. 

The excretion of S* in the urine following the 
injection of H* into rabbits starts very soon after 
the injection, and with rabbits K, L and M the 
excretion of S* in the urine continued during the 
whole of the time that the animals were kept alive 
(Table 4, Fig. 4). The possibility that some of this S* 
excreted during the first 10 or 20 min. after the 
injection might have been present as H* cannot be 
excluded, and the passage of a reactive substance of 
this type along the renal tubules would undoubtedly 
account for the relatively high S* content of the 
kidneys of the injected rabbits. The amount of S* 
excreted in the urine during the course of these 
experiments varied from one rabbit to another, the 
amount being largely dependent on the rate of 
excretion of urine. With rabbits L and M the rate of 
urine flow fell in the later stages of the experiment 
and the urinary excretion of S* fell correspondingly. 
In these experiments every effort was made to 
promote secretion of urine by the prior adminis- 
tration of water and by the injection of saline during 
the experiment, but the total volume of urine 
secreted by two of the rabbits was rather small. The 
total amounts of S* excreted in the urine by rabbits 
K, Land M were respectively 21-9, 10-8 and 17-1 % 
of that injected, and there is good reason for 
assuming that these values would have been in- 
creased very considerably had the animals been 
kept alive longer; the last samples of urine obtained 
from all three rabbits showed no appreciable falling 
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off in S* content. It certainly is interesting to note 
that two of the rabbits excreted in the urine about 
one-fifth of the total amount of the S* injected as H*. 
The non-anaesthetized rabbit (A) excreted 121 yg. 
of S* in the 3 ml. of urine found in its bladder 1 hr. 
after the injection of H*, and this value agrees satis- 
factorily with the corresponding values for the urine 
passed during the first hour by rabbits K and L 
(109 and 108 yg. respectively) ; only 48 ng. of S* were 
excreted by rabbit M during this period, but this low 
excretion was probably due to the low urine ex- 
cretion (about 1 ml.). This observation with rabbit A 
indicates that the urinary excretion of S* by rabbits 
K, Land M cannot be attributed to the effects of the 
anaesthetic or ‘of the surgical treatment. 
Considerable amounts of S* were excreted in the 
liver bile of an injected rabbit (Fig. 3), and there is 
much evidence that this may be one of the important 
channels of excretion for H* and related compounds, 
just as it is for certain other fat-soluble materials 
and some drugs, toxins and metals. The H* may be 
excreted as unchanged H* or its hydrolysis products, 
and these may be free or associated with the bile 
salts or bile proteins; the compounds with the bile 
salts, in the form of complex ‘choleic acids’ similar 
to those described by Wieland & Sorge (1916) (ef. 
also Francis, Hurtley & Town, 1938) might be dis- 
sociated in the alimentary tract with the liberation 
of H* or other reactive S*-containing compounds. 
In the experiment described here, about 7 % of the 
S* injected as H* was found in the bile during the 
3} hr. experiment, and about one-sixth of this 
biliary S* appeared in the first 20 min. and over half 
during the first hour. This rapid excretion suggests 
that some of the S* might have been present as un- 
changed H*, and if this bile had been allowed to pass 
into the duodenum the H* might have caused 
appreciable damage to the wall of the alimentary 
tract; H excreted in the bile might, therefore, be a 
contributory factor to the intestinal damage oc- 
curring in H poisoning referred to by several in- 
vestigators (cf. Cameron, 1941, 1942). If, on the 
other hand, the sphincter of Oddi were closed, this 
H would be diverted into the gall bladder where 
hydrolysis or possibly reabsorption would occur. 
The bile duct is, however, not the only route by 
which S* enters the alimentary tract of the rabbit 
following the injection of H*, for about 35 yg. of S* 
were found in the contents of the stomach and small 
intestine even when no bile was allowed to enter the 
alimentary tract; the corresponding figure for the 
large intestine is unfortunately not available. In 
this experiment, the bile collected from a cannula 
inserted into the bile duct contained 200 yg. of S* 
(in 3} hr.). In a comparable experiment where the 
flow of bile into the duodenum was not impeded, the 
contents of the alimentary tract contained, 7 hr. 
after the injection, about 300 yg. of S*, with about 
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two-thirds of the total in the faeces and the contents 
of the large intestine. These results would appear to 
suggest that a considerable amount of the S* ex- 
creted in the bile by the injected rabbits is carried 
through the alimentary tract without resorption, or 
that a very large amount is excreted by the large 
intestine. 

It has not been possible in any one of these experi- 
ments to attempt to trace the whole of the S* 
injected as H*, and as many of the experiments were 
carried out under different conditions, an attempt to 
prepare a ‘balance-sheet’ by adding up the results 
of the different experiments might meet with many 
objections. However, it is interesting to note that in 
the first hour after injection, rabbit J excreted about 
4%, of the injected S* in the bile, and three other 
rabbits excreted 2—5 % in the urine. The amount of 
S* in the majority of the tissues (muscle, heart, ete.) 
at the | hr. stage was 0-3—0-8 yg./g. of wet tissue and 
the amount in the blood was usually in the upper 
regions of this range. Uniform distribution of the 
injected S* (1000 yug./kg. of body wt.) would require 
a tissue and blood S* content of 1-0 yg./g. of wet 
tissue, and the observed values of 0-3—-0-8 pg. appear 
to be quite satisfactory if allowance is made (a) for 
the excretion in the urine, bile, alimentary tract and 
possibly expired air, (b) for the relatively high S* 
content of the kidneys, lung and liver (1-6—4-0 yg./g. 
of wet tissue), and (c) for the weight of the skeleton. 


SUMMARY 


1. A study has been made, with the aid of the 
radioactive S* as a tracer element, of the fate of 
mustard gas (H) injected intravenously into rabbits. 

2. H* (mustard gas containing S**) was injected 
in amounts of 5 mg. of H*/kg. of body wt. and deter- 
minations were made of the S* content of many of 
the tissues, the urine and the bile at intervals after 
the injection. 

3. The injected material rapidly diffused from the 
blood stream and appreciable amounts of S8*-con- 
taining compounds appeared in the urine and bile 
less than 20 min. after the injection. 

4. There was widespread distribution of S* in the 
tissues of the injected rabbits. Kidneys, lung and 
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liver gave the highest values of all the tissues 
examined, and it is suggested that the high values 
for these three organs are due to their excretory 
functions. 

5. The greater part, and sometimes all, of the S* 
in the tissues of the injected rabbits was present as 
‘fixed’ S* (not extracted by ethanol, acetone and 
ether). It is believed that at least part of this ‘fixed’ 
S* is present in protein complexes. 

6. A comparison of the total S* contents of the 
tissues 1, 24, 4 and 12 hr. after the injections showed 
that with the kidney and liver the highest value was 
at the 1 hr. stage, whereas with the lung the maxi- 
mum was not reached until the 4 hr. stage. The 
results suggest that ‘fixed’ S* as well as ‘free’ S* 
was removed from the tissues during the later part 
of this experiment. 

7. The amount of S* in the bone marrow of these 
injected rabbits was small, but the S*/N ratio for 
this tissue was of the same order of magnitude as the 
corresponding ratios for other tissues. 

8. As much as 22 % of the S* injected as H* was 
excreted in the urine by one rabbit and 17% by 
another, in periods of 4 and 7 hr. respectively after 
the injection. 

9. In another experiment, 7 % of the injected S* 
was recovered from the liver bile during the first 3 hr, 
after the injection. This mode of excretion might in 
part account for intestinal damage occurring in H 
poisoning. ‘ 

10. No evidence has been obtained of preferential 
retention of the injected H* or its S*-containing 
derivatives in the fatty tissues of the body, or in any 
organ, with the exception of kidney, lung and liver. 


The authors wish to express their gratitude to Dr T. E. 
Banks, for his constant help with the maintenance of the 
counter systems, and to Mrs C. Lutwak Mann (assisted by 
Mr H. Mow) for help in some of the animal operations. The 
radio-sulphur was obtained for us by the Ministry of Supply 
from the Radiation Laboratory, Berkeley, California, and 
the main costs of this investigation have been met out of 
expenses grants to one of us (A. W.) from the Ministry of 
Supply and the Medical Research Council. Thanks are also 
tendered to the Director-General of Scientific Research 
(Defence), the Ministry of Supply, for permission to publish 
this paper. 
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Studies on Mustard Gas (8§’-Dichlorodiethyl Sulphide) 
and some Related Compounds 


6. THE FATE OF INJECTED £f’-DICHLORODIETHYL SULPHONE AND 
BB’-DICHLORODIETHYL SULPHOXIDE (CONTAINING RADIOACTIVE 


It has been shown (Boursnell, Cohen, Dixon, Francis, 
Greville, Needham & Wormall, 1946) that the intra- 
venous injection of H* (mustard gas containing the 
radioactive S**) into rabbits is followed by the dis- 
tribution of S* in most of the tissues of the animal 
and the retention of part of this S* as firmly com- 
bined or ‘fixed’ S* for some considerable time after 
the injection. During discussion of this work, Dr M. 
Dixon suggested that similar experiments with HO* 
(Bf’-dichlorodiethyl sulphoxide*) might yield in- 
teresting results in view of the fact that this sub- 
stance, the Cl atoms of which are non-reactive, is 
non-vesicant and does not affect enzymes, and yet is 
reported to be toxic on injection; there seemed a 
possibility, therefore, that injected HO* might give 
systemic effects without fixation. 

In these experiments amounts of HO* and HO,* 
approximately the same as the amount of H* used 
in the earlier experiments (Boursnell e¢ al. 1946) were 
injected into rabbits, aud the S* contents (total and 
in most cases ‘fixed’ S* also) of the blood and some 
of the tissues were determined 1 hr. after the in- 
jections. This has enabled us to make a comparison 
of the distribution of S* in the tissues following 
injections of the three substances, H*, HO* and 
HO,* (an asterisk indicates the presence of the radio- 
active S* in the substance). 


METHODS 


Injections. The HO* and HO,*, prepared as described 
previously (Boursnell, Francis & Wormall, 1946) were dis- 
solved in triacetin to give 5-0 and 2-6% solutions re- 
spectively, and these solutions were injected into the ear 
veins of rabbits. Rabbit P (2-4 kg.) received 5-5 mg. of 
HO*/kg., and rabbit Q (2-37 kg.) received 5-0 mg. of HO,*/ 
kg. of body wt., and both animals were killed 1 hr. after the 
injections. 

Collection and treatment of the blood and tissue samples, and 
S* determinations. These were carried out as described else- 
where (Boursnell e¢ al. 1946). In addition, for ‘fixed’ S* 
determinations on blood plasma and cell samples, the 
solution or suspension was poured into 6 vol. of ethanol 
(usually after the cells had been laked with a little water), 
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and centrifuged; the precipitates were washed twice with 
ethanol and once with acetone (about 5-7 ml. of solvent 
each time) and finally Soxhlet-extracted (for four 3 hr. 
periods, with ether and acetone in rotation). 

An S* determination was made on the gall bladder (plus 
its contents) of rabbit P, but no S* determination could be 
made on the bile of rabbit Q as the gall bladder of this 
animal was found to be empty. The latter rabbit had, 
however, about 5 ml. of urine in its bladder at death and an 
S* determination was made on this urine. 

For the ‘fixed’ S* determinations the tissues were ex- 
haustively extracted with acetone and ether as described 
previously (Boursnell e¢ al. 1946). 


RESULTS 


The results of the experiments with HO* and HO,* 
are given in Tables 1 and 2 respectively. The total 
S* contents are recorded as pg. of S*/g. of wet tissue 
and also per g. of dried tissue, and the N contents of 
the acetone and ether extracted tissues and some of 
those for the dried unextracted tissues are given, in 
order that an estimate might be obtained of the 
maximum protein content of the preparations. For 
comparison purposes, some of these results and some 
of the corresponding values obtained in the experi- 
ments with H*-injected rabbits (Boursnell et al. 
1946) are grouped together in Table 3. 

The rabbit injected with HO* was found to have 
19 yg. of S* in its gall bladder plus contents, and the 
rabbit injected with HO,* had 448 yg. of S* in the 
5 ml. of urine in its bladder 1 hr. after the injection. 
The part of the ear into which the intravenous 
injection of HO,* (11-8 mg. of HO,*, containing 
1980 pg. of S*) was made, was found to contain 
only 3 pg. of S* when the rabbit was killed. 


DISCUSSION 

Although these observations have had to be made, 
because of limited supplies of S*, on single rabbits 
(two in the case of H*), it is believed that the values 
obtained are sufficiently typical to warrant a general 
comparison of the fates in the animal body of intra- 
venously injected H*, HO* and HO,*. The following 
general conclusions can be reached from the results 
summarized in Table 3. 
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Table 1. S* contents of rabbit tissues 1 hr. after the 
intravenous injection of 5:5 mg. of HO*/kg. of 
“body weight 

Extracted tissue 
GAS A a 

‘Fixed’ S* 
(ug./g- 

dry tissue) 


Total S* (yg./g.) - 
eo eee a a 
Dry Wet N 
tissue _ tissue (%) 
4-4 12-9 22-3 
{ 12-7 20-7 
: 13-5 7:3 
13-2 7-9 
1+ 13-7 10-2 
i 13-3 8-2 
- 0-2 
13- 0-0 
0-3 13-2 1-6 
0-4 13- 1-8 


Kidney 


noe 
Or 


5- 
2. 


Liver 


as 
X 


Lung 


1 


Muscle (skeletal) 


i 


iy 
3 


Stomach wall} 


Pi OOO 


Brain 
Duodenal wallt 


So 


ORS tee 
Swarts 


Spleen 
Bone marrow 


Blood plasmat 


| — 


Blood cellst 


+ The stomach and duodenum were washed to remove 
their contents, but the mucosa, muscularis and serosa were 
included in the tissue examined. 

{ The values for blood fractions are in terms of yg. of 
S*/ml. of whole blood. 


Table 2. S* contents of rabbit tissues 1 hr. after the 
intravenous injection of 5 mg. of HO,*/kg. of 
body weight 

Unextracted tissue 
‘ — Extracted and 
dried tissue 


Cc 


Total S* 
N in — 


ee ao c 
Wet 
tissue tissue N 
(ug-/g-) (ug-/g-) (%) 
23-2 5:8 ~— 
us 376 of ‘6 
Liver 8-4 1-2 0-37 
8-4 0-94 0-3 


Lung 9-9 “¢ 1-9 


¢ 
dry Dry 
tissue 
(%) 


Kidney 10-5 


Muscle (skeletal) 10-6 . 0-4 


0-59 
0-94 


0-25 
0-15 
0-75 
0-36 
0-31 
0-13 


Stomach wall 10-4 


ee sD ali 


Brain “ 
Duodenal wall 9-1 
Bone marrow 2-0 
Heart 10-6 
Blood plasmat — 
0-16 
0-10 
0-11 
0-26 


Blood cellst 


Blood cells 0-47 


and plasmat 


f The values for blood fractions are in terms of yg. of 
$*/ml. of whole blood. 
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Table 3. Comparison of S* contents of rabbit tissues 
.1 hr. after the intravenous injection of H*, HO* 


* 
and HO, H*t HO* HO,* 
Total S* (ug./g. wet tissue) 


75 
0-34 
1-9 
0-4 
0-59 
0-25 
0-75 
0-94 
0-15 


Kidney 

Liver 

Lung 

Muscle 
Stomach wall 
Duodenal wall 
Heart 

Brain 

Bone marrow 


PeSeserssS 
AWISAARSS 


‘ 


| 


ixed’ S* (ug./g. dry tissue) 
Kidney 42-0 
Liver 5-2 6 1-2 
Lung é § 13-9 
Muscle rf , 1:8 
Stomach wall 6 . 4:8 
Duodenal wall : 3-8 
Brain 3: cas 8-4 


Total S* (in terms of yg./ml. 
of whole blood) 
A 





— 


Blood cells 0-4 0-07 
Blood plasma 1-0 0-6 0-33 
Blood (cells + plasma) 1-4 0-67 0-46 


‘Fixed’ S* (in terms of yg./ml. 
of whole blood) 


0-13 





— 
Blood cells -- -- “I 
Blood plasma _- -- rE 
Blood (cells + plasma) -- — e2E 

To simplify comparison, average values are given, in the 
above table, for the H*-injected rabbits, and in all cases 
where duplicate determinations were made on any organ or 


tissue. 
+ Values from Boursnell e¢ al. (1946). 


(a) The injected compounds (H*, HO* and HO,*) 
did not remain long in the blood stream; they were 
rapidly distributed throughout the body, and 1 hr. 
after the injection significant amounts of S* were [ 
found in all the tissues examined. 

(b) The amount of S* in the blood 1 hr. after the | 
injection was of the same order for all three sub- 
stances. The S* remaining in the blood at this stage 
was approximately one-thirtieth of that injected. 

(c) The total S* contents of the majority of the 
tissues of the injected rabbits were of the same order 
(usually between 0-3 and 0-9 yg./g. of wet tissue), 
with no general difference between those following 
the three different injections. The values for the 
excretory organs, kidney, lung and liver, were on 
a considerably higher level, except in the case of the 
liver of the HO,*-injected rabbit. The total S* con- 
tents for the kidney were in all cases easily the 
highest for any of the tissues examined, being five to 
twenty times those for such tissues as muscle, heart, 
brain or bone marrow. 
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(d) The firmly combined or ‘fixed’ S* contents of 
the tissues were approximately the same with HO*- 
injection as with H*-injection, but the values for the 
HO,-injected animals were distinctly higher (except 
again for the liver) than the values for the corre- 
sponding tissues of the H*- or HO*-injected rabbits. 

(e) There was fairly rapid excretion of S* in the 
urine and/or bile after the injection of all three sub- 
stances, possibly in both urine and bile in all cases; 
no information is available, however, about the 
biliary S* for the HO,*-injected rabbit or the 
urinary S* for the HO* rabbit. This excretion of S*- 
containing compounds (possibly including some H*, 
HO* or HO,*) almost certainly accounts for the 
oceasional high S* contents of the duodenal and 
stomach walls of the injected rabbits. 

It is rather surprising that. H and its oxidation 
products, HO and HO,, should, when injected into 
the animal body, all behave similarly, at least as far 
as distribution in and combination with the tissues 
and excretion from the body are concerned. These 
three compounds have very different solubilities in 
water, and chemically they show -very different 
reactivities. HO, and H readily react with a variety 
of proteins (for a short review of the literature, cf. 
Banks, Boursnell, Francis, Hopwood & Wormall, 
1946 a, b), the former by virtue of a reaction with the 
aminc-groups and to a lesser extent with SH groups 
of the protein, and the latter by reaction with COOH 
(Northrop, 1942; Bergmann, 1942), with iminazole 
(Moritz, 1942; du Vigneaud, 1942) and possibly other 
groups such as SH (Peters & Wakelin, 1941). HO*, 
on the other hand, does not react with proteins 
under physiological conditions of pH and tempera- 
ture (Bailey & Webb, 1944; Banks et al. 19465). 

The presence of appreciable amounts of S* in all 
the tissues of the injected animal 1 hr. after the 
injection of H* and HO,* could readily be explained 
by suggesting that the injected material has reacted 
with the tissue proteins, for both reagents readily 
react in vitro within this period of time with plasma 
and other proteins to produce complexes from which 
the S* cannot be removed by prolonged extraction 
with acetone and ether. In the in vitro experiments 
with plasma and small equivalent quantities of H* 
and HO,* (with an H* or HO,* to protein ratio of 
the same order as, but perhaps a little less than, that 
which would occur in the blood stream of the in- 
jected animals immediately after the injections) the 
reaction with the proteins was complete in about 
30 and 60 min. respectively, and the S* content of 
the final HO,*-proteins was about 1} times that of 
the final H*-proteins (Banks et al. 19466). It seems 
therefore quite feasible that the presence of ‘fixed’ 
S* in the tissues after the injection of H* and HO,* 
is due to the combination of the injected material 
with the body proteins; the lower ‘fixed’ tissue S* 
contents after H* injection compared with those 
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after HO,* injection are most probably largely due, 
as is the similar difference between the S* contents 
of the H* and HO,* plasma proteins in the in vitro 
experiment, to the ‘loss’ by hydrolysis of an appre- 
ciable fraction of the H* before it has time to react 
with the proteins. 

HO*, however, does not react with proteins in 
vitro, and the fixation of S* in the tissues of the HO*- 
injected animals cannot presumably be attributed 
to a direct reaction with the general tissue proteins. 
A reaction with some specially reactive tissue protein 
might be postulated, but there is no evidence of this. 
In view of the general similarity between the 
amounts of ‘fixed’ S* in the tissues following the 
injection of the closely related compounds H*, HO* 
and HO,* one is tempted to believe that the same 
type of reaction might be concerned in all three 
cases. If this is true, it would exclude the possibility 
of a reaction with proteins in every case, unless it 
can be shown that HO* is converted in the body into 
some more reactive substance (e.g. by oxidation to 
HO,* or reduction to H*). Further experiments will 
be necessary to determine whether or not HO* is 
metabolized in this way, and to test the validity of 
several other hypotheses which can be offered. One 
possibility is that H* and HO* are both oxidized in 
the body to HO,*, but the conversion of H into HO, 
requires an oxidation potential considerably higher 
than that which is encountered in animal tissues 
(Sugden, 1941), and in any case, it seems fairly 
certain that an appreciable part of the injected H* 
must, by analogy with the in vitro experiments, 
combine fairly quickly with the plasma and tissue 
proteins. The fact that there are certain differences 
between the systemic effects produced by injected H 
and those produced by injected HO, e.g. the in- 
hibition of glycolysis in bone marrow by H but not 
by HO (Dixon, 1944) suggests that these two sub- 
stances may differ very considerably in their general 
in vivo action on the tissues. It may be, therefore, 
that the fixation of S* in the tissues after the 
injection of HO* is effected by a process quite 
different from that operating in the case of H* 
and HO,*. 

It is interesting to note that the total S* content of 
the blood 1 hr. after the injection of HO* was of the 
same order as that 1 hr. after the injection of H* 
or HO,*, with over two-thirds of the blood S* in the 
plasma in each case. It seems probable that some of 
this S* was present, in the case of the injections with 
H* and HO,*, as H*-proteins and HO,*-proteins 
respectively, but there was also, in the latter case at 
least, an appreciable amount of ‘free’ S* (total S* 
minus ‘fixed’ S*) in the blood; the corresponding 
values for the H*- and HO*-injected rabbits are not 
available. This ‘free’ S* probably represents a 
mixture of various acetone- or ether-soluble S*-con- 
taining compounds and a further study of these S* 
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compounds in the blood after the injection of H*, 


HO,* and HO* might help to throw light on some 
of the problems discussed in this paper. : 


SUMMARY 


1. The fate in rabbits of intravenously injected 
HO (££’-dichlorodiethyl sulphoxide) and HO, (Bp’- 
dichlorodiethyl sulphone), two oxidation products 
of mustard gas (H), has been studied with the aid 
of the radioactive S* as a tracer element. (An 
asterisk indicates the presence of S** in the sub- 
stance.) 

2. The injected HO* or HO,* was fairly rapidly 
distributed throughout the body, and appreciable 
amounts of S* were found in all the tissues examined 
1 hr. after the injections. As in the corresponding 
experiments with H*, the kidney and lung showed 
much higher S* contents than did the other organs 
and tissues. 

3. Appreciable quantities of S* were excreted in 
the urine and/or bile after the injection of HO* or 
HO,*, as in the case of H*. 

4. A comparison of the results of the experiments 
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with H*, HO* and HO,* suggests that the three 
substances are similarly distributed throughout the 
body after injection, and that they all react with the 
tissues to form acetone- and ether-insoluble §*- 
containing compounds (‘fixed’ S*). This reaction 
may be partly or wholly concerned with the tissue 
proteins in the case of H* and HO,*, but probably 
not with HO*, for this compound, unlike H* and 
HO,*, does not react or combine with proteins in 
in vitro experiments carried out under physiological 
conditions. The possibility of an in vivo conversion 
of HO* into some more reactive compound is ten- 
tatively discussed. 


The authors wish to express their gratitude to Dr T. E. 
Banks for help with the maintenance of the counter systems, 
and to Mrs C. Lutwak-Mann for her assistance with some 
of the experimental operations. The radioactive S was 
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Studies on Mustard Gas (8£’-Dichlorodiethyl Sulphide) 
and some Related Compounds 


7. THE IMMUNOLOGICAL PROPERTIES OF PROTEINS TREATED WITH 
MUSTARD GAS AND SOME RELATED COMPOUNDS} 


By J. C. BOURSNELL, G. E. FRANCIS anp A. WORMALL 
Department of Biochemistry and Chemistry, Medical College of St Bartholomew’s Hospital 


(Received 3 May 1946) 


It has been shown (Berenblum & Wormall, 1939) 
that mustard gas (H) and its sulphone, 8f’-dichloro- 
diethyl sulphone (HO,), react with serum proteins at 
room temperature and at about pH 8 to give protein 
derivatives with a new immunological specificity. 
Injection of the H-treated horse serum proteins into 

+ This investigation formed the basis of reports to the 
Medical Research Council and to the Ministry of Supply in 
1940. 


rabbits produced antibodies which reacted with H- 
treated rabbit (or chicken) serum proteins, and the 
antibodies to HO,-proteins showed a specificity 
characteristic for HO,-proteins. These results showed 
that H and HO, had effected significant chemical 
changes in the protein molecule, and the absence 
of serological cross-reactions suggested that the 
two reactions might be dissimilar. Evidence was 
obtained that the chemical changes effected were 
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not simply those of denaturation, oxidation, etc., 
but it was not possible at that time to do more than 
suggest, from an analogy with the results obtained 
by Cashmore & McCombie (1323) and Lawson & 
Reid (1925) with amino-acids and their esters, that 
new groups might have been introduced into the 
protein molecule as a result of reaction with the free 
amino-groups. 

A further investigation of this problem has now 
been made with a view to studying, by chemical and 
immunological methods, the nature of the protein 
groups which are attacked by H and HO,. In 
particular, it has been possible to make use of 
precipitin inhibition tests for this purpose, for some 
of the H- and HO,-amino-acid derivatives required 
for these tests have now become available (Boursnell, 
Francis & Wormall, 1946). An opportunity has also 
been taken to investigate, by the same methods, the 
action of divinyl sulphide and divinyl sulphone, two 
compounds closely related to H and HO,, on the 
serum and other proteins. In all these investigations 
the reactions have been carried out at 30—40° and 
pH 7-5-8, for it was intended to limit the reactions 
to those which might occur under physiological con- 
ditions. It was also our intention to use H, HO,, etc. 
containing radioactive sulphur for these immuno- 
logical studies, but the supplies of radio-S available 
to us in 1939 and 1940 were not sufficiently active 
for this purpose. 


METHODS 


Preparation of the antigens. In the preparation of the H- 
protein antigens, the serum or other protein solution was 
stirred at 30-35° over a long period with a considerable 
excess of H, with one or occasionally two further additions 
of H during the experiment. This treatment might be 
regarded as drastic in the sense that the protein was 
exposed to a relatively large amount of H for a long time, 
but the object of these experiments and the earlier ones of 
Berenblum & Wormall (1939) was to determine whether 
or not H can effect serologically-detectable changes in 
proteins under physiological conditions of pH and tem- 
perature. The H-antigen solutions required for injection 
were extracted several times with ether to remove any 
remaining H and ether-soluble H derivatives, but the other 
H-antigens (H-rabbit serum, etc.) were not treated in this 
way since it was thought desirable that the use of reagents 
which might effect denaturation and other changes in the 
serum proteins should be limited as far as was possible; the 
possibility of unchanged H or some of its hydrolysis pro- 
ducts affecting the subsequent serological tests can be 
excluded, since these antigen solutions were diluted with 
50-6250 vol. of 0-:9% NaCl for use in the tests and were 
tested in some cases several weeks or months after pre- 
paration. For similar reasons, no attempt was made, in 
general, to separate from the unchanged serum proteins or 
gelatin any chemically-altered proteins resulting from the 
action of H, HO, and divinyl sulphone, for the investigation 
was mainly concerned with the question whether proteins 
treated in this way would acquire a new immunological 
specificity. In a few experiments, however, the HO,-serum 
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proteins were separated by acid precipitation to show that 
it was these chemically-changed proteins which were re- 
sponsible for the characteristic precipitin reactions; no 
acetic acid-precipitable protein was present in the H- or the 
divinyl sulphide-antigens or in the HO,-gelatin, but this 
matter is discussed more fully in another paper of this 
series (Banks, Boursnell, Francis, Hopwood & Wormall, 
1946). 

For the preparation of the HO,- and divinyl sulphone- 
antigens the reaction was not so prolonged as for the H- 
antigens, since it was found early in these investigations 
that an appreciable amount of a new protein derivative was 
produced in the course of a few hours under the conditions 
of our experiments. In the case of divinyl sulphide, the 
reagent was allowed to act on the protein solution over a 
period of several days, these experiments running parallel 
with the H-experiments. NaHCO, was added at the start 
and further additions of alkali (Na,CO,, and occasionally 
NaOH solutions) were made later, where necessary, to 
neutralize the liberated HCl in experiments with H and 
HO,, and in order to obtain comparable conditions NaHCO, 
was sometimes added to the protein solutions subjected to 
the action of divinyl sulphone and divinyl sulphide. 

H-horse serum (for injection). A mixture of 125 ml. of 
horse serum, 62 ml. of 0-75 M-NaHCO, and 2 ml. of H was 
stirred well at about 33° for 7-8 hr. per day on each of 
5 days, with further additions of 2 ml. of H early on the 
3rd day and 1 ml. on the 4th day; during the overnight 
periods this mixture, and all the other antigens described 
below, were kept at about 4°. Small amounts of saturated 
Na,CO, solution were added at intervals to keep the pH 
about 7-6—7-8. The final product was extracted with 150 ml. 
of ether and then a further four times with about 100 ml. of 
ether each time. The aqueous solution was warmed to about 
30° and evacuated several times to remove the remaining 
ether. Phenol was added, as a preservative, to give a con- 
centration of 0-25 % and the solution was kept at 4°. 

H-rabbit serum. A mixture of 24 ml. of rabbit serum, 
24 ml. of 0-5 M-NaHCO, and 0-4 ml. of H was stirred, as 
above, over a period of 5 days, with a further 0-2 ml. of H 
added on the 4th day. 

H-gelatin. A mixture of 1-0g. of gelatin dissolved in 
60 ml. of hot water, 40 ml. of 0-5 m-NaHCO, and 0-6 g. of H 
(i.e. about 10 molecules of H per free NH,-group in the 
protein) was stirred at 35-40° for 12 hr. over a period of 
2 days. 

HO,-rabbit serum. A mixture of 12 ml. of serum, 12 ml. 
of 0-5 M-NaHCO, and 0-5 g. of HO, in about 10 ml. of pure 
ether, was stirred at about 30° for 5-5 hr. one day and 3-5 hr. 
the next day, with N- or 5N-NaOH added where necessary 
to maintain the pH between 7-5 and 8-5. Half of the 
resulting solution was used for the separation of the HO,- 
proteins, as follows. The solution was extracted twice with 
10 ml. of ether each time, the remaining ether being 
removed from the aqueous solution by a current of air. 
2 N-acetic acid was added to give maximum precipitation, 
and the centrifuged precipitate dissolved in about 10 ml. of 
0-9 % NaCl with sufficient N-Na,CO, added to give solution. 
This solution was centrifuged to remove a very small 
amount of undissolved matter, and a second precipitation 
with acetic acid was made, with re-solution in 0-9% NaCl 
and adjustment to pH 7-5. 

HO,-gelatin. 1-0 g. of gelatin dissolved in 33 ml. of hot 
water, plus 67 ml. of 0-5 M-NaHCO,, plus 0-50 g. of HO, in 
15 ml. of ether, were stirred at 30° for 5 hr.; next day a 
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further 0-50 g. of HO, in 15 ml. of ether was added and the 
mixture stirred for 74 hr. Determinations of free amino-N 
(formol method, cf. Boursnell et al. 1946) showed that 
practically complete loss of free NH,-groups had resulted 
from the action of HO, on the gelatin, but no acetic 
acid-precipitable proteins could be detected in the pro- 
duct. 

Divinyl sulphone-rabbit serum and divinyl sulphone- 
gelatin. Each of the following mixtures was stirred at about 
30° for 63 hr.: (i) 10 ml. of rabbit serum plus 10 ml. of 
0-5 M-NaHCO, plus 0-15 g. of redistilled divinyl sulphone 
(prepared as described by Alexander & McCombie, 1931) in 
6 ml. of ether. (ii) 1-0 g. of gelatin dissolved in 30 ml. of 
hot water, plus 67 ml. of 0-5 m-NaHCO,, plus 0-39 g. of 
divinyl sulphone in 15 ml. of ether. Formol titrations 
showed that the divinyl sulphone-gelatin preparation con- 
tained no significant amount of free amino-N. 

Divinyl sulphide-horse serum (for injection). 1-5 ml. of 
freshly prepared divinyl sulphide (Bales & Nickelson, 1922, 
1923) were stirred with 125 ml. of horse serum at 30° for 
21 hr. over a period of 3 days, with the addition of. more 
divinyl] sulphide (0-83 ml.) about the half-way stage. The 
solution, which contained no acetic acid-precipitable pro- 
teins, was diluted with 60 ml. of water and extracted six 
times with about 60 ml. of ether each time; the aqueous 
solution was warmed to about 30° and evacuated several 
times to remove residual ether. Phenol was added to give a 
concentration of 0-25°% as a preservative. 

Divinyl sulphide-rabbit serum. A mixture of 12-5 ml. of 
rabbit serum, 12-5 ml. of 0-5 mM-NaHCO, and 0-8 ml. of 
freshly prepared divinyl sulphide was stirred at 30° for 
19 hr. over a period of 3 days. 

Immunization. The antigens were injected into rabbits, 
with intervals of 7-10 days between the injections, and 
precipitin tests, and sometimes complement fixation tests 
also, were made 7-10 days after the third and subsequent 
injections. 

With H-horse serum. Two groups of 3 rabbits each were 
injected with the H-horse serum preparation described 
above, 5 ml. of the solution being injected intraperitoneally 
each time. Tests on the antisera were made with H-rabbit 
serum as antigen. 

Group (a). One rabbit gave moderately strong precipitin 
reactions after the 4th, 5th and 6th injections; after an 
interval of 2 months a second course of injections was given 
to this rabbit but no increase occurred in the precipitating 
power of the serum. The other 2 rabbits died shortly after 
the third injection. 

Group (b). A course of 3 injections was followed by an 
interval of about 2 months and a further course of 5 
injections. Negative or slightly positive reactions were 
obtained after the first course, but during the latter part of 
the second course the serum of one rabbit gave moderately 
good precipitin reactions. Another rabbit gave weak 
reactions and the third rabbit gave negative or very faint 
reactions. 

With divinyl sulphide-horse serum. Three rabbits received 
a course of 6 intravenous injections, each of 5 ml. of the 
divinyl] sulphide-horse serum preparation described above. 
After an interval of 2 months two of the rabbits received a 
further course of 5 intraperitoneal injections, each of 5 ml. 
of the antigen. None of the serum samples gave any pre- 
cipitate with divinyl sulphide-rabbit serum. 

With HO,-horse serum. Some of the antisera prepared in 
an earlier investigation (Berenblum & Wormall, 1939) were 
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found to have retained their precipitating power and were, 
therefore, used in the experiments described here. 

Precipitin and complement-fixation tests. These tests were 
carried out as described previously (Hopkins & Wormall, 
1933, and Berenblum & Wormall, 1939, respectively), the 
antigens for these tests being prepared from rabbit serum 
or from gelatin, to exclude the species factor. The concen. 
tration of antigen, in the tables, refers to dilution (with 
0-9% NaCl) of a solution of the antigen containing approx, 
5% of protein. Unless otherwise stated, the precipitin 
readings given in the tables were those recorded after | hr, 
at 37°. Precipitin tests with the gelatin derivatives were 
made at room temperature. 

Precipitin inhibition tests (cf. Hopkins & Wormall, 1934). 
The preparation of the amino-acid derivatives ‘ H-glycine’ 
(1:4-thiazan-4-acetic acid), ‘HO,-glycine’ (1:4-sulphonazan- 
4-acetic acid) and ‘HO,-alanine’ (1:4-sulphonazan-4-pro- 
pionic acid) is described elsewhere (Boursnell et al. 1946). 


RESULTS 


In confirmation of the previous findings (Berenblum 
& Wormall, 1939), antisera to H-proteins were 
obtained by the injection of H-horse serum into 
rabbits, but, as in the earlier work, the precipitating 
power of the serum was not very high; the antisera 
were definitely weaker than those produced by in- 
jection of HO,-treated serum. In addition, some of 
the rabbits failed to produce at any time during the 
prolonged immunization period more than a very 
weak antibody response towards H -proteins, though 
they invariably produced powerful precipitins for 
untreated horse serum proteins. 

Precipitin tests, a few of which are given in 
Table 1, showed that the antisera to H-horse serum 
gave reactions with H-rabbit serum proteins and 
other H-serum proteins, but not with H-gelatin or 
with divinyl sulphide-treated rabbit serum. Anti- 
sera to HO,-horse serum reacted with HO,-rabbit 
serum, other HO,-seruin proteins and also with 
diviny! sulphone-rabbit serum and divinyl sulphone- 
gelatin (Tables 1 and 2); excellent precipitates were 
obtained with HO,-rabbit serum proteins which had 
been separated from unchanged proteins by two 
precipitations with acetic acid. As in the earlier 
work (Berenblum & Wormall, 1939), no significant 
cross-reactions between H- and HO,-proteins and 
their antisera were obtained, i.e. antisera to H- 
proteins did not give precipitates with HO,-proteins. 

Since divinyl sulphone-gelatin (and other divinyl 
sulphone-proteins) readily reacted with antisera to 
HO,-proteins, the relative rates of action of HO, and 
divinyl sulphone on serum proteins were compared 
by means of (a) the precipitin reaction, and (6) pre- 
cipitation of the new protein derivatives by acetic 
acid. The results of this experiment (Table 3) showed 
that divinyl sulphone acts much more rapidly on 
serum proteins than does HO,, under the conditions 
of our experiment. With divinyl sulphone, appre- 
ciable changes in the serum proteins were effected in 
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Table 1.+ Precipitin reactions with antisera to 
H-treated and HO,-treated proteins 


Immune serum against 
EE 


iF= seen 
H-treated HO,-treated 
Dilution of horse serum horse serum 
Antigen antigen (No. 456) (No. 404) 
H-rabbit 1: 100 tr. - 
serum 1: 500 ++ aa 
1 : 2500 + a 
HO,-rabbit 1: 100 - + 
serum 1: 500 ~ “— s 
1: 2500 — or tr. ++ 
H-gelatin 1: 100 - = 
1: 500 - - 
1 : 2500 = - 
1: 12,500 - = 
Horse- 1: 100 +++ & 
serum 1: 500 +++ oo 
1 : 2500 + tr. 


+ In this and later tables in this paper, precipitin 
reactions are recorded as follows: — (no reaction), f.tr. (faint 
trace), tr. (trace), +, +, ++, ++, etc. in increasing 
degrees of precipitation. 


Table 2. Precipitin reactions with antisera to 
HO,-treated horse serum 


Antigen dilution 


age 
Antigen 1:100 1:500 1:2500 1:12,500 
ae} rabbit , f.fr. ++ ++ 
Divinyl sulphone-j serum _fftr. ++ +24 
HO,- oe Hae: tr. ++ + 
Divinyl valphoas| gestin tr. + + 


less than 25 min., these changes being detectable by 
acid-precipitation and also by the _ precipitin 
reaction; a change of the same order was not 
observed in the serum treated with HO, until well 
over 90 min. from the start of the reaction, but in the 
final stages of the reactions (after about 34 hr.) there 
was no significant difference between the precipitates 
obtained with the two mixtures. 

Precipitin inhibition tests, which are of consider- 
able value in giving information about the nature of 
the immunologically dominant groups in chemically 
altered and conjugated proteins (cf. reviews by 
Landsteiner, 1936, and Boyd, 1943) were then 
carried out to determine whether or not H- and 
HO,-amino-acid derivatives can inhibit the antigen- 
antibody reactions with H- and HO,-proteins. 
Typical results of these tests are given in Table 4. 
The HO,-protein antigen-antibody reaction was 
completely or almost completely inhibited by HO,- 
glycine or HO,-alanine, and very slightly by H- 
glycine. The H-protein antigen-antibody reaction 
on the other hand was only partially inhibited by 
H-glycine. Where inhibition occurred, it was specific, 
for no inhibition was obtained when glycine was 
used instead of its H- or HO,-derivative, and none 
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of the amino-acid derivatives tested had any in- 
hibitory effect on an unrelated precipitin system (e.g. 
horse serum + antiserum to horse-serum proteins). 


Table 3. Precipitin and acetic acid-precipitation tests 
with HO,-treated (A) and divinyl sulphone-treated 
(B) rabbit serum 


Precipitin reactions 





Time 
after Acetic acid pptn. A B 
as | —— mma 
(min.) A B 1:500 1:2500 1:500 1: 2500 
20 - + 
25 ~ - + + 
45 f.tr. + 
60 tr. + - - ae 7 
90 tr. ++ + tr. ++ + 
155 + ++ ++ + ++ ++ 
210 ++ ++ ++ ++ ++ ++ 


+ Precipitin reaction with an antiserum to HO,-horse 


serum. 
Experimental details 


Rabbit 0-5 M- Sulphone (in 6 ml. 
serum NaHCO, pure ether) 

A 10 ml. 10 ml. 0-25 g. HO, 

B 10 ml. 10 ml. 0-15 g. divinyl sulphone 


Mixtures A and B were stirred vigorously, under exactly 
similar conditions, at 32°. Samples of each were withdrawn 
at intervals and tested for acid precipitability (0-5 ml. of A 
or B plus 2 or more drops of 2 N-acetic acid to give maximum 
precipitation) and for ability to react with an antiserum to 
HO,-horse serum (1 ml. of A or B extracted twice with 
9 ml. of ether each time, the ether removed and the aqueous 
solution diluted with 0-9% NaCl to the concentration 


required). 


The results of the tests with divinyl sulphide- 
treated serum were entirely negative; no antibodies 
other than those against untreated horse serum 
could be detected in the serum of rabbits injected 
with the divinyl sulphide-treated horse serum, nor 
did divinyl sulphide-treated rabbit serum give pre- 
cipitates with antisera to H-proteins or HO,-pro- 
teins. 

DISCUSSION 
The production of antibodies capable of reacting 
specifically with H-rabbit serum proteins and with 
other H-proteins, following the injection of H-horse 
serum, is an indication that a significant alteration 
in the protein molecule has been effected by H. 
Analysis of H-proteins and the results of the pre- 
cipitin inhibition tests described in this paper show 
that this alteration is partly or perhaps wholly due 
to the introduction of new groups into the protein. 
The specific antibody response in the injected rabbits 
was, however, not always as good as that normally 
found in immunization with serum proteins, nor was 
it as good as that in the animals injected with HO,- 
proteins; antibodies to unchanged horse serum, and 
to H-horse serum were invariably produced in good 
50 
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Table 4. Precipitin inhibition tests 


Precipitin 

reaction 

oa 
B 


Inhibitory 
substance 
(drops) 
NaCl 
H-glycine 


° Antiserum 
Antigen against 
H-rabbit H-horse 
serum serum 


HO,-glycine 


NaCl 
H-glycine 


HO,-rabbit 


serum 


HO,-horse 


serum 


HO,-glycine 


(\PH++ + ++ SHH + & 


HO,-horse 
serum 


NaCl 
H-glycine 


HO,-gelatint 


HO,-glycine 


Aand B: readings after 15-45 and 60-90 min. respectively, 
depending on the potency of the antisera. 

+ Tests with divinyl sulphone-gelatin as antigen gave 
similar results. 


Experimental details 


Antigens. Solutions containing approx. 0-05% protein 
(H-rabbit serum) and 0-01% protein (HO,-rabbit serum, 
HO,-gelatin and divinyl sulphone-gelatin) in 0-9% NaCl 
were found most suitable for these tests. 

Inhibitory substances. Neutralized 0-02 M-solutions in 
0-9% NaCl. 

Tests. 1 drop of antigen solution plus 1-4 drops of the 
‘inhibitor’ solution plus 0-9% NaCl where necessary to 
make a total of 5 drops. 2 drops of antiserum were then 
added to each tube. 


strength, showing that treatment with H had not 
impaired the antigenic power of the proteins. This 
relatively weak production of antisera specific for 
H-proteins would seem to suggest (a) that the 
number of new determinant groups introduced was 
not sufficient to effect a pronounced change in the 
immunological properties of the proteins, or (b) that 
the protein groups which are affected by H are not 
concerned with serological specificity, or (c) that the 
introduced groups are not of the type to determine 
the specificity of the antibodies formed in the animal, 
i.e. they may not be ‘dominant’ in this respect. It 
seems rather unlikely that (b) and (c) offer the true 
explanation in view of the fact that almost any 
pronounced chemical change in an antigenic protein 
alters its serological specificity, but they cannot be 
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excluded; it should be remembered that some azo. 
proteins produce antisera which react with the 
immunizing antigen but not with azo-antigens 
made from other proteins (cf. Landsteiner, 1936, 
p- 103). 

With regard to the first suggestion, there is 
evidence that although a few new groups introduced 
into each molecule of protein antigen may give the 
antigen the power to produce antibodies capable of 
reacting specifically with the new group, many more 
may have to be introduced into another protein 
before it will give precipitates with the antiserum. 
Hooker & Boyd (1932), for example, found that azo- 
proteins prepared from diazotized arsanilic acid and 
casein gave precipitates with an anti-arsanilic anti- 
serum only when about 13 or more groups were 
introduced into each casein molecule (assuming a 
mol.wt. of 96,000), and Haurowitz (1936) in similar 
investigations with rabbit globulin azoproteins 
showed that more than 10 introduced or hapten 
groups were needed (assuming a mol.wt. of 100,000 
for the globulin azoprotein). In the case of the H- 
serum proteins used in the immunological experi- 
ments described here, we were not able to determine 
the number of H molecules or residues attached, 
but subsequent work with H containing radio-S 
(Banks et al. 1946) suggests that there might have 
been as many as 20 such groups in the H-protein 
antigens, assuming a mean mol.wt. of 100,000 for 
the serum proteins. Thus it seems unlikely that the 
relatively weak capacity of H-proteins to give pre- 
cipitates with antisera to H-proteins was due to a 
deficiency of hapten groups. 

The failure of H-gelatin to react with our antisera 
to H-proteins is also difficult to explain, but experi- 
ments with ‘radio’-H (H*) suggest that there are 
fewer S*-containing groups in H*-gelatin than in 
H-*serum proteins prepared under similar con- 
ditions (Banks et al. 1946). HO,-gelatin, on the other 
hand, readily reacts with HO,-protein antisera, and 
this is a further instance of the marked difference 
between the actions of H and HO, on proteins. 

The action of HO, on proteins appears to be con- 
cerned mainly with the free amino-groups, and 
although there are possibly other changes, such as 
loss of SH, the dominant immunological change is 
due to the replacement of NH, by 1:4-sulphonazan 
groups. This chemical change, like the action of 
phenyl isocyanate and benzylearbony] chloride, pro- 
duces serum protein derivatives which are pre- 
cipitated by dilute acetic acid and which have a new 
serological specificity characteristic for the grouping 
introduced; at the same time there is considerable 
loss of the original species specificity. Diviny] sul- 
phone, (CH,:CH),SO,, acts on proteins to give 
products which are identical, chemically and 
immunologically, with the corresponding H0,- 
compounds; these results are not inconsistent with 
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the view put forward later by Ford-Moore (1940) 
(cf. also Ford-Moore & Lidstone, 1940), that HO, is 
converted into divinyl! sulphone before it reacts with 
amino-acids. 

The precipitin inhibition tests show quite de- 
finitely that whereas the HO,-amino-acid deriva- 
tives, containing the 1:4-sulphonazan group (I), 
strongly inhibit the HO,-protein precipitin reaction, 
the H-protein precipitin reaction is. only partially 
inhibited by H-glycine, a compound having the 
1:4-thiazan structure (IT). 

CH,—CH, Os 
I 


H,—CH, 

These results, and the absence of Pee sero- 
logical cross-reactions between H-proteins and HO,- 
proteins, suggest that H and HO, differ very con- 
siderably in their action on proteins, and they 
support the view that H does not act mainly, if at 
all, on the free amino-groups. Maximum specific 
inhibition in tests of this type is usually effected by 
compounds whose structures most closely resemble 
that of the introduced group plus the protein group 
to which it is attached, e.g. the best inhibition of the 
phenylearbamido-protein precipitin reaction is 
obtained with the phenylearbamido-derivatives of 
lysine and e-amino-n-hexoic acid (Hopkins & 
Wormall, 1934), but unfortunately the H-derivative 
of lysine was not available for the tests described 
here. A possible explanation for the partial nature 
of the inhibitory effect of H-glycine on the H-protein 
precipitin reaction is that H enters the protein mole- 
cule in two or more different places, and that there 
is more than one type of specific antibody in the 
corresponding antiserum, or that the antibodies 
have a multiple specificity, but as yet there is no 
serological evidence of this. It should be noted, how- 
ever, that a very slight precipitation of HO,-proteins 
was obtained occasionally with an H-protein anti- 
serum, but this may have been due to a general 
similarity between the H groups in H-proteins and 
the sulphonazan group. The slight inhibition of the 
HO,-protein precipitin reaction by H-glycine can be 
explained in a similar manner. 

There is also the possibility that the changes in the 
immunological properties of proteins effected by H 
may be due to changes in the acid groups of the 
protein, for these groups, or the parts of the protein 
molecule carrying these groups, appear to have a 
significant. influence on serological activity (ef. 
Landsteiner, 1936, pp. 32, 105), and later investi- 
gations have shown that H reacts with COOH groups 
of proteins (Northrop, 1942; Ball, 1942). 

Divinyl sulphide, S(CH:CH,),, has no significant 
action on proteins similar to those of H, HO, and 
divinyl sulphone, and no change in the immuno- 
logical properties or in acid-precipitability occurs in 
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serum proteins subjected to the prolonged action of 
this compound. Thus, although HO, probably under- 
goes transformation to divinyl sulphone before 
acting on amino-acids and proteins, it seems very 
unlikely that H combines with proteins by a similar 
mechanism. 

The distinct change in immunological properties 
of proteins caused by H, i.e. the production of a 
protein ‘foreign’ to the animal from which the serum 
or other protein was derived, supports the view that 
the acquired hypersensitivity to H of some in- 
dividuals exposed to the gas might be due to an 
immunological reaction of this type (cf. Berenblum 
& Wormall, 1939). These results also suggest that it 
should be possible to induce hypersensitivity to H 
in laboratory animals, and it is of interest to note 
that Holliday (1942), Moore (1944) and Kidd & 
Landsteiner (1944) have later achieved this. 


SUMMARY 


1. A further study has been made of the immuno- 
logical properties of proteins treated with mustard 
gas (H) and the corresponding sulphone, ££’-di- 
chlorodiethyl sulphone (HO,), and in addition the 
action of divinyl sulphone and divinyl sulphide on 
proteins under the same conditions, 30—40° and pH 
about 8, has been investigated. 

2. As in the previous investigation (Berenblum & 
Wormall, 1939) antisera to H-proteins were obtained 
by the injection of H-treated horse serum. The pre- 
cipitin reaction between H-rabbit serum proteins 
and antisera to H-horse serum was only partially 
inhibited by an H-glycine derivative (1:4-thiazan-4- 
acetic acid). 

3. The precipitin reaction between HO,-proteins 
and their antisera was completely or almost com- 
pletely inhibited by HO,-glycine (1:4-sulphonazan- 
4-acetic acid) and by HO,-alanine, and slightly in- 
hibited by H-glycine. These results suggest that the 
action of HO, on proteins is largely concerned with 
the free NH,-groups of the protein. 

4. Divinyl sulphone reacts more rapidly than does 
HO, on serum and other proteins, to give compounds 
which react, chemically and immunologically, 
exactly like HO,-proteins. 

5. No immunological evidence could be obtained 
of any action between divinyl sulphide and serum 
proteins. 

6. The absence of serological cross-reactions 
between H-proteins and HO,-proteins, and the 
results of the inhibition tests, offer strong support 
for the view that H and HO, differ very considerably 
in their action on proteins. 

The authors are indebted to the Medical Research 
Council for a personal grant to one of them (J. C. B.) and 
for an expenses grant, and to the Director-General of 
Scientific Research (Defence), the Ministry of Supply, for 
permission to publish this paper. 
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Studies on Mustard Gas (8f'-Dichlorodiethyl Sulphide) 
and some Related Compounds 


8. THE ACTION OF MUSTARD GAS, DIVINYL SULPHONE AND 
BB’-DICHLORODIETHYL SULPHONE ON COMPLEMENT t+ 


By J. C. BOURSNELL, G. E. FRANCIS ann A. WORMALL 
Department of Biochemistry and Chemistry, Medical College of St Bartholomew’s Hospital 


(Received 3 May 1946) 


Complement, which appears to play an important 
role in many of the defence mechanisms of the 
animal body, is a complex system consisting of at 
least four factors (for a review of the literature, cf. 
Osborn, 1937). At least two of these factors [C’1 
and C’2 in the nomenclature suggested by Pillemer 
& Ecker (1941) and Heidelberger (1941)] have pro- 
perties which suggest that they are of protein nature; 
the other two however, the third and the fourth 
components (C’3 and C’4), are not destroyed when 
the serum is heated at 56° for 30 min., but are 
destroyed by yeast (Coca, 1914; cf. also von Dungern, 
1900) or yeast preparations, and by NH, (Gordon, 
Whitehead & Wormall, 1926) respectively. Various 
suggestions have been made that one or other of 
these components is of enzymic nature, but there is 
no general agreement on this point. 

Complement is readily inactivated by processes 
which affect the state of the serum proteins, and 
since mustard gas (H), 88’-dichlorodiethyl sulphone 
(HO,) and divinyl sulphone react with a variety of 
proteins (for a review of the literature, cf. Banks, 
Boursnell, Francis, Hopwood & Wormall, 1946a, b), 

f The investigation described here was the subject of a 
report to the Ministry of Supply in October 1941. 


it was decided to study the action of these substances 
on the haemolytic complement system. It was hoped 
that this investigation might yield useful informa- 
tion about the reaction between H, etc. and certain 
proteins, and perhaps also about the properties and 
nature of complement. 


METHODS 


Serum. Fresh guinea-pig serum was used in all experi- 
ments. : 

Heated serum (deficient in C’ 1 and C’ 2). Serum heated 
at 56° for 30 min. and then diluted with 9 vol. of 0-9% NaCl. 

NH,-inactivated serum (deficient in C’4; ef. Gordon, 
Whitehead & Wormall, 1926). 1 ml. of serum plus 0-2 ml. of 
0-2 n-NH,OH, kept at 37° for 1} hr., neutralized with 
0-2 n-HCI and diluted to 10 ml. with 0-9% NaCl. 

Haemolytic system. 0-5 ml. of a 4% suspension of sensi- 
tized washed ox red-cells plus varying amounts of the 
diluted inactivated sera, with 0-9% NaCl added where 
necessary to make the total volume 1 ml. The tubes con- 
taining these mixtures were immersed in a water-bath at 
37°, and the extent of haemolysis was recorded at frequent 
intervals. 

Inactivation of complement by H, etc. Fresh guinea-pig 
serum was treated with H, HO, or divinyl sulphone in 
stoppered pyrex tubes, and the mixtures kept in a water- 
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Table 1. The complement activity of guinea-pig serum treated with H and divinyl sulphone at 37° 


Complement activity{ of diluted serum samples 





Vol.f of = —< 
Sample diluted H-treated Diviny] sulphone-treated 
taken sample —_—_— 44M So M-_ Control 
after tested A B Cc D E 
(min.) (ml.) a aa Cem, Re 
5 0-5 2 3 4 4 0 oO Oo 4 4 
0-3 a | 9 0 O 0 O 4 4 
0-1 0 O 0 0 0 0 0 O 6 | 
12 0-5 0 0 0 0 0 0 0 0 4 4 
0-3 0 O S “a 0 O 0 O 4 4 
0-1 0 O 0 Oo 0 Oo 0 O a | 
Haemolysis readings after (min.) 5 45 5 45 5 45 5 45 5 45 


+ Intermediate vol. (0-4 and 0-2 ml.) were also tested, but to save space, Tables 1 and 2 merely give the results with 
the extreme ends and the mid-point of the dilution range. 

{ In these tables the extent of haemolysis is recorded as follows: 4, complete haemolysis; 0, no haemolysis; 3, 2, 1, 
and tr. (trace), intermediate degrees of haemolysis. 


Experimental details 


Guinea-pig serum H Divinyl sulphone 
Mixture (ml.) (ml.) (ml.) 
A 2-0 0-04 — 
B 2-0 0-01 a 
C 2-0 — 0-03 
D 2-0 _— 0-0075 


E (Control) 2-0 -— 


Table 2. The complement activity of guinea-pig serum treated with divinyl sulphone 
and H-sulphone (HO,) at 19° 


Complement activity of diluted serum samples 





Sample Vol.t of a —~ 
taken diluted Diviny] sulphone H-sulphone 
after sample treated treated Control 
(min.) tested F G K 
(ml.) —“"— ae oa Rens 
5 0-5 4 4 4 4 4 4 
0-3 2 4 4 4 4 4 
0-1 0 1 0 4 Sixt 
20 0-5 a 4 4 4 4 
0-3 0 0 4 4 4 4 
0-1 0 0 0 3 em 
75 0-5 0 Oo 4 4 4 4 
0-3 0 0 4 4 4 4 
0-1 0 0 0 2 1 4 
120 0-5 0 0 tr. tr. 4 4 
0-3 0 oO 0 0 4 4 
0-1 0 oO 0 oO * 4 
Haemolysis readings after (min.) 10 30 10 30 10 30 


t See footnote to Table 1. 


Experimental details 


Guinea-pig serum Diviny! sulphone H-sulphone 
Mixture (ml.) (ml.) (g.) 
F 2-0 0-03 — 
G 2-0 _— 0-06 


K (Control) 2-0 — = 
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bath at 37° with occasional shaking; prolonged or vigorous 
shaking was avoided, since this inactivates complement. 
The pH of the solution was maintained at about 7-5 by the 
addition, where necessary, of a small amount of half 
saturated Na,CO, solution and the same volume of 0-9% 
NaCl was added to the other tubes; the amounts of H and 
HO, used were, however, so small that complete inacti- 
vation of the complement usually occurred before any 
change in pH could be detected. Samples (0-2 or 0-4 ml.) 
of the mixtures, and of a control untreated serum, were 
withdrawn at intervals and diluted with 9 vol. of 0-9% 
NaCl. Varying amounts of these diluted solutions were 
tested for complement activity. Attempts were also made 
to reactivate the inactivated complement by the addition 


of NH,-inactivated serum (containing C’ 1, C’ 2 and C’ 3)” 


or heated serum (C’ 3 and C’ 4). 

H, HO, and divinyl] sulphone have different solubilities in 
water, and the rate of inactivation of complement by those 
substances may, of course, be determined to some extent 
by their solubility in the serum. A few attempts were made 
to find a suitable solvent for these three reagents which 
would mix with serum and give uniform solution or sus- 
pension of the reagents, but it was found that the solvents 
themselves had a destructive action on the complement or 
on the haemolytic system. In all the experiments described 
here, therefore, the neat reagents were added to the serum. 
Where HO, was used, the solid was ground up with a glass- 
rod and the mixture stirred gently at frequent intervals. 
In any one experiment approximately equimolecular 
amounts of H, HO, and divinyl sulphone (mol.wt. 159, 191 
and 118 respectively) were used. 


RESULTS 


The following experiments may be regarded as 
typical of many made with varying amounts of 
H, ete. and at different temperatures. 

Exp. 1. Inactivation of complement by H and by 
divinyl sulphone (at 37°). The results of this experi- 
ment (Table 1) showed that the activity of comple- 
ment was quickly destroyed by small amounts of 
H at 37° but still more rapidly by equimolecular 
amounts of divinyl sulphone. Complete inactivation 
of the complement occurred within 12 min. with H 
and in less than 5 min. with divinyl sulphone, under 
the conditions of this experiment. 

Exp. 2. Inactivation of complement by divinyl sul- 
phone and HO, (at 19°). The results of this experi- 
ment (Table 2) showed that HO, also inactivates 
complement but at a very slow rate compared with 
the inactivation by divinyl sulphone. Experiments 
carried out at 37° showed a similar difference, with, 
as might be expected, much quicker inactivation by 
both reagents. 

Exps. 3,4. Attempts to reactivate H -inactivated and 
divinyl sulphone-inactivated complement by the addi- 
tion of complement inactivated by NH, or by heat. In 
these experiments an attempt was made to deter- 
mine whether inactivation by H and by divinyl 
sulphone is confined to one or two of the components 
of complement or whether it is of a more general 


J. C. BOURSNELL, G. E. FRANCIS AND A. WORMALL 


1946 


nature. The amounts of H and divinyl sulphone used 
in some of these experiments (cf. Exp. 4) were much 
smaller than those used in the other experiments 
described in this paper; in this way relatively slow 
inactivation of complement was effected, in the hope 
that evidence might be obtained of a preferential 
inactivation of some of the components. For various 
reasons it was not possible for us to make an extensive 
study of this problem, for example by the use of the 
separated components, but a sufficient number of 
tests were made to suggest that, in the initial stages, 
the C’1 and C’2 components (those more readily 
destroyed by heat) may be more rapidly destroyed 
than the others. In Exp. 4 (‘Table 4) for example, and 
to a lesser extent in Exp. 3 (Table 3), reactivation of 
H-inactivated or divinyl sulphone-inactivated serum 
was sometimes obtained by the addition of NH,- 
inactivated serum (containing C’ 1, C’2 and C’3) but 
little or none by the addition of heated serum (C’3 
and C’4). When larger amounts of H and divinyl 
sulphone were used however, and the reaction 
allowed to continue for 55 min. (Table 3), the in- 
activated sera could not be reactivated by NH,- 
inactivated or by heat-inactivated serum. 


DISCUSSION 


The destruction of complement activity by H and by 
divinyl sulphone is probably without significance as 
far as the action of H on the animal body is con- 
cerned, but this inactivation is of interest in that it 
provides a further example of a reaction between H 
and substances of physiological interest under con- 
ditions similar to those found in the animal body, i.e. 
37° and pH 7-5. 

Inactivation of complement by H or by divinyl 
sulphone is very rapid, and small amounts of the 
reagent will effect complete loss of the haemolytic 
complement activity of guinea-pig serum in a few 
minutes. The evidence produced in this paper taken 
in conjunction with other investigations with 
various proteins, suggests that complement in- 
activation by H (or divinyl sulphone) might be due 
largely to its action on certain protein components of 
complement. Of the four known components, two 
at least (C’1 and C’2) appear to be proteins, and 
there is evidence that one, or possibly both, of the 
other two components may also be of protein nature; 
C’1 and C’2 are, however, the most sensitive to 
destruction by heating at 56°. Thus it is perhaps not 
surprising that complement inactivation by H or by 
divinyl sulphone appears to be concerned in the 
early stages with a destruction of the activities of 
C’1 and C’2; there is, however, at the same time 4 
general inactivation of all the components, and it is 
difficult to choose conditions which will produce 4 
differential inactivation. The inactivation of com- 
plement by H or by divinyl sulphone is, therefore, by 
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Table 3. Attempted reactivation of H- and divinyl sulphone-inactivated sera 
Complement activity 
co rN 
Divinyl 
Sample NH;- sulphone- 
taken Diluted inactivated Heated H-treated treated 
after sample serumt serumt —_— —“"— Control 
(min.) (ml.) (ml.) (ml.) i ae Cc D E 
12 0-5 — — 0 0 0 0 4 
0-2 — — 0 0 0 0 3 
0-2 0-2 _ 1 3 i —_ 
0-2 - 0-2 0 0 0 0 _— 
55, 0-25 _ ~- 0 0 0 0 4 
0-25 0-25 -- 0 0 0 0 — 
0-25 — 0-25 0 0 0 0 — 
Xv eos at 
Haemolysis reading after (min.) 30 


+ These inactivated sera were separately devoid of complete complement activity, but a mixture of the two was fully 
active, since the heated serum supplied the fourth component (C’ 4) missing from the NH,-inactivated serum. 
Experimental details. Mixtures A, B, C, D and E as in Exp. 1 (temp. 37°). 


Table 4. Attempted reactivation of H- and divinyl sulphone-inactivated sera 


Complement activity 
A. 








| Teena - . 
Samples NH,- H-treated Divinyl sulphone-treated 
taken Diluted inactivated Heated Z A + c A— — 
after sample serumt serum Q R S 
(min.) (ml.) (ml.) (ml.) oo —_— —_—_ = 
20 0-5 oo o 4 4 4 4 0 2 4 4 
03 — — 2 4 4 4 0 1 2m 
0-1 = — 0 0 0 0 0 0 0 0 
33 0-5 — — tr. tr. 4 4 0 oO 3 4 
0-3 a _- 0 0 3 4 0 Oo ena 
0-1 _ oo 0 0 0 0 0 O 0 0 
0-3 0-2 — a «4 a <4 3 64 4 4 
0-3 0-4 —_- 2 4 4 4 4 4 4 4 
0-3 _ 0-2 Se 73 4 4 I aa 4 4 
0-3 - 0-4 tr. 2 4 4 3 3 4 4 
70 0-5 a 0 0 Seas 0 0 oo ees 
0-3 — a eg —- — 0 oO _—_-— 
0-3 0-2 _ 0 0 —_- — tr. 3 — = 
0-3 0-4 nt 0 1 a ee 2 4 —_— 
0-3 — 0-2 0 Oo —_- — 0 Oo —_- — 
0-3 == 0-4 0 0 —- — 0 1 —_-— 
Haemolysis readings after (min.) 10 30 10 30 10 30 10 30 
+ See footnote to Table 3. 
Experimental details 
Guinea-pig serum H Divinyl sulphone 
Mixture (ml.) (ml.) (ml.) 
P 4-0 0-01 —- 
Q 4-0 0-002 — 
R 4-0 — 0-0075 
8 4-0 — 0-0015 
Temp. 37°. 


no means comparable with that effected by such 
agents as NH; or yeast preparations, for with the 
latter reagents the inactivation is much more 
specific. 

The investigations described here were of a pre- 
liminary nature, and for various reasons it has not 
been possible for us to continue this work. It is 


hoped, however, that a further study of this problem 
will be made, and that it will be possible to decide 
whether or not H and divinyl sulphone effect in- 
activation of complement in exactly the same way. 
Our own investigations, and those of other authors, 
suggest that these two reagents differ considerably 
in the way in which they react with the protein 
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molecule, and it is probable that they differ in their 
action on complement. 

The combination of H-sulphone (HO,) and divinyl 
sulphone with proteins is mainly concerned with a 
reaction of the sulphone with the free amino-groups 
of the protein, and it is possible that inactivation of 
complement by these two reagents is effected by this 
means. In the case of H, however, the reaction with 
proteins is apparently largely concerned with the 
carboxy] and iminazole groups (Ball, 1942). The rate 
of combination of protein with H is somewhat 
slower than that with HO, (Banks et al. 19466), and 
it may seem rather surprising that complete in- 
activation of complement was effected, under the 
conditions of the experiments described in this paper, 
more rapidly with H than with an equivalent amount 
of HO,. Complement inactivation might, however, 
be the result of the action of H or HO, on a few 
essential groups in one or more of the components of 
complement, and the rate of inactivation may bear 
no relationship to the total amount of H or HO, 
which has combined with the serum proteins. 

Another point which we intend to investigate 
further is the significance of the SH groups of the 
serum proteins as far as complement activity is 
concerned. H, HO, and divinyl] sulphone all readily 
react with SH groups, and a reaction of this type 
might account for part at least of their inactivating 
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action on complement. In this connexion it is of 
interest to note that Ecker, Pillemer, Martiensen & 
Wertheimer (1938) have suggested that complement 
may possess SH groups, and that inactivation by 
oxidation might be due to their conversion to 
disulphide (—S—-S—) groups. 


SUMMARY 


1. Small amounts of mustard gas (H) rapidly 
inactivate complement. The inactivation is not due 
to pH changes. 

2. The inactivation appears to affect all the com- 
ponents of the complement. There is some indication, 
however, that the relatively heat-labile components 
(C’ 1 and C’ 2) are more rapidly inactivated than the 
other two components. 

3. Divinyl sulphone similarly inactivates com- 
plement, but even more rapidly than does H. 

4. H-Sulphone (f’-dichlorodiethyl sulphone) 
inactivates complement, but relatively slowly com- 
pared with H and divinyl] sulphone. 


The authors are indebted to the Medical Research Council 
for a personal grant to one of them (J. C. B.) and for an 
expenses grant, and to the Director-General of Scientific 
Research (Defence), the Ministry of Supply, for permission 
to publish this paper. 
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The Polarographic Estimation of Steroid Hormones 


3. COMPARISON OF NORMAL VALUES FOR URINARY 17-KETOSTEROIDS 
BY POLAROGRAPHIC AND COLORIMETRIC METHODS 


By JEAN BARNETT, A. A. HENLY, C. J. O. R. MORRIS anv F. L. WARREN 
Laboratory of the Endocrine Unit, London Hospital, London, E. 1, and The Chester Beatty Research Institute, 
The Royal Cancer Hospital (Free), London, S.W. 3 


(Received 29 June 1946) 


In the work of Wolfe, Hershberg & Fieser (1940) 
referred to in a previous communication (Barnett, 
Henly & Morris, 1946), a comparison was made be- 
tween the polarographic and the Zimmermann (1935, 
1936) methods for the estimation of neutral urinary 
17-ketosteroids. Most of the colorimetric assays (for 


example, those supplied by Dr Talbot) were signifi- 
cantly higher than the polarographic results, whilst 
those obtained by another group were lower. Wolfe 
et al. consider that this was due to the high cor- 
rection factor applied by this group to their Zimmer- 
mann values. They do not give any figures for the 
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24 hr. output of neutral 17-ketosteroids. We have 
therefore carried out a series of duplicate estimations 
of the 24-hourly output of neutral 17-ketosteroids on 
eight young medical students and twenty young 
nurses, and compared the results obtained by the 
polarographic and colorimetric (Zimmermann-Cal- 
low) methods (Callow, Callow & Emmens, 1938). 
We have also compared the results obtained from 
the twenty women with the values already obtained 
by us (Barnett et al. 1946) on twenty-four men, in 
order to assess the significance of the difference 
between the average values for men and for women. 


EXPERIMENTAL 


Eight medical students (aged 20-22 years), and twenty 
nurses (aged 18-37 years) were selected for this study; the 
method of collection and the importance of accurate col- 
lection of specimens were explained to them very carefully. 
Extracts from each specimen were made in duplicate (in the 
men’s group by two different workers; in the women’s group 
by the same person). The duplicates were examined polaro- 
graphically* as described by Barnett et al. (1946); the same 
duplicate extracts were also assayed by the Zimmermann- 
Callow method by one of us (F. L. W.) who had had con- 
siderable experience of this technique. 


RESULTS 


The results are summarized in Tables 1 (males) and 2 
(females). Both methods agree in giving a lower 
figure for the women’s ketosteroid output than for 
the men’s. Fisher’s ‘¢’ test applied to the figures 
for eight men and twenty women give a value of 
t= 3-54 (polarographic method) and t= 2-87 (colori- 
metric method) ; for 26 degrees of freedom this gives 
values for P of <0-01 for both methods, i.e. a 
probability of less than 1% that the difference 
in the mean value for men and for women is due to 
chance. 

It would appear that in general the colorimetric 
method gives higher results than the polarographic 
method. The results by both methods were referred 
to the same standard specimen of iso-dehydroandro- 
sterone. 

In the case of the duplicate values obtained on the 
males, the colorimetric estimations (which were all 
done by one person) gave a lower variation among 
duplicates than the polarographic estimation (when 
the two sets of duplicates were carried through by 
two different workers). On the other hand, in the 
case of the female values, the duplicates were done in 


* It has been noted that certain samples of A.R. sodium 
chloride, used in the preparation of the base solution for the 
polarographic method (Barnett ef al. 1946), contain an 
impurity which produces a small polarographic wave at 
about - 1-1 V. This wave interferes with the 17-ketosteroid 
wave, so that care must be taken in the selection of sodium 
chloride for polarographic use. 
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each method by one person, and here the variation 
among duplicates was very considerably less by the 
polarographic method than by the Zimmermann 
method. It is interesting to note the extremely high 
reproducibility of the polarographic results here 
(since the deviation among duplicates is entirely a 
measure of variation due to technique and not to 
biological variation). 

The overall standard deviation of the male and 
female figures (means of duplicates) shows again a 
lower variation in both sets by the polarographic 
than by the colorimetric method; as the extracts 
examined were the same for both methods, this 
would again indicate a lower variation due to the 
errors of technique in the polarographic than in the 
colorimetric method. 

Finally, a comparison of the values obtained for 
the twenty women quoted here, with those obtained 
for twenty-four young men (Barnett et al. 1946), 
both by the polarographic method, shows by appli- 
cation of Fisher’s ¢ test, a significant difference 
between the mean value for the male and for the 
female output (t=4-136 which for 42 degrees of 
freedom indicates P < 0-01, i.e. the probability of 
this result occurring by chance is less than 1%. The 
distribution of the results about the mean was 
normal in both sets). 


DISCUSSION 


For the purpose of comparison, the various data on 
the excretion of neutral 17-ketosteroids by normal 
men and women, as estimated by different workers 
are collected in Table 3. To the best of our know- 
ledge, the table includes most of the figures published 
since 1939 (in which the number of cases is not less 
than eight). We have calculated the average value, 
the range of normal values and the standard de- 
viation from these sets of figures, in order to be able 
to compare them readily. On examination of Table 3, 
several facts are apparent: in the first place, there is 
very considerable disagreement as to the average 
normal value and the range of normal values both in 
men and women. It should be borne in mind that 
this variation (as typified, for example, by the 
standard deviation) is the sum of two distinct 
factors, viz. the biological variation among in- 
dividuals, and the error of the method. However, if 
large enough groups are taken, the differences in the 
mean values are most probably due to differences in 
technique. 

Secondly, the values reported by us in this paper 
are considerably higher than those reported else- 
where. This may possibly be due to the fact that the 
subjects in our investigation were all young, while 
in most of the other groups quoted the age groups 
were considerably wider, there being some evidence 
that ketosteroid output decreases with increasing 
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Table 1. The excretion of 17-ketosteroids in eight normal young men, 
measured polarographically and colorimetrically 


24-hourly Polarographic method (mg./24 hr.) 
urinary a + Zimmermann method (mg./24 hr.) 
vol. Set A Set B r A ~ 
(ml.) (AAH) (JB) Mean Set A Set B Mean 
1910 23-4 18-6 21-0 26-2 28-8 27-5 
900 15-2 18-0 16-6 20-4 17-3 18-8 
1030 13-9 13-6 13-7 13-2 13-6 13-4 
1500 20-2 18-7 19-5 21-0 20-1 20-6 
1570 19-6 17-5 18-5 19-5 17-6 18-6 
2070 17-6 17-6 17-6 18-2 20-3 19-2 
2090 17-7 12-5 15-1 17-6 14-5 16-1 
1700 13-6 11-9 12-8 12-4 12-9 12-7 
16-8 
2-94 
2-05 
10-9-22-7 


Correlation coefficient between polarographic and colorimetric values =0-87. 





Exp. 
no. Age 

index (years) 
M20 20 
M21 20 
M22 20 
M23 21 
M24 20 
M25 22 
M26 22 
M27 21 


Mean of both sets A and B 

Standard deviation of means of both sets 
Standard deviation among duplicates 
Range (mean + 2c) 





Table 2. The excretion of 17-ketosteroids in twenty normal young women, 
measured polarographically and colorimetrically 


24-hourly 
urinary 
vol. 
(ml.) 
550 
1700 


Exp. Polarographic method (mg./24 hr.) Zimmermann method (mg./24 hr.) 
no. Age 
index (years) 
Ww30 29 
W3il 20 
W 32 37 
W33 24 
W 34 23 
W35 20 
W36 19 
W37 28 
W3s8 22 
Ww39 20 
w40 28 
w4i 23 

w42 


Mean 
10-9 
22-4 


Set B 


11-7 
22-6 


Set A 
10-0 
22-3 


Set A Set B Mean 
9-42 8-8 9-1 
16-5 17-5 17-0 
1880 17-2 16-6 16-9 21-2 21-6 21-4 
1210 10-7 10-4 10-6 11-7 12-0 11-9 
1400 ; 76 7-2 7-4 8-6 7-7 8-2 
1410 15-3 15:3 15-3 18-0 14-2 16-1 
1420 15:8 15-4 15-6 18-9 20-0 19-5 
1100 5-15 5-35 5-3 7-2 7-0 7-1 
1510 6-9 73 7-1 10-2 10-4 10-3 
1690 9-65 9-65 9-7 15-3 15-0 15-2 
1470 12-6 12-6 12-6 15-0 15-4 15-2 
2640 10-6 10-6 10-6 6-0 8-9 7-5 
1820 17-1 16-6 16-9 13-7 15:8 
W43 1740 9-4 8-9 9-2 D 6-2 6-2 
W44 1890 17-8 18-4 18-1 14-6 14-9 
W45 850 10-2 10-0 10-1 9-é 9-5 9-5 
W46 1620 8-3 8-8 8-6 ‘ 8-5 79 
W47 1500 13-7 13-3 15-6 14-2 
w49 1720 13-25 13-25 17-6 17-0 
W50 2320 11-9 12-6 11-3 12-7 
Mean of both sets A and B 11-9 13-2 
Standard deviation of means of both sets 3-76 4-75 


Standard deviation among duplicates 0-32 1-27 
Range (mean +20) 4-3-19-5 3-8-22-6 


Correlation coefficient between polarographic and colorimetric values =0-83. 


age. However, it is doubtful whether this can 
account for the low averages (viz. 9 mg.) reported by 
some workers. In this connexion it might be stressed 
again that by obtaining the co-operation of students 
and nurses, we have reasonable confidence that the 
collection of 24 hr. specimens was carried out very 
accurately. 

The fact that the Zimmermann method gives 
results which appear to be systematically higher 
than the polarographic method (Tables 1 and 2) may 


possibly be accounted for by the fact that the 
former reagent is known to give a colour with certain 
substances other than 17-ketosteroids (e.g. with 


cholestanone, cholestenone and other 3-keto- 
steroids. On the other hand, the polarographic 
method gives no wave with saturated 3-ketosteroids, 
while with A-4:5-3-ketosteroids it gives a wave at a 
different half-wave potential from that of the 17- 
ketosteroids, this wave being largely eliminated 
under the conditions of our procedure. 
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J. BARNETT, A. A. HENLY, C. J. O. R. MORRIS AND F. L. WARREN 


SUMMARY 


1. The excretion of neutral 17-ketosteroids in 
eight normal young men and twenty normal young 
women has been estimated in duplicate both by the 
polarographic method and by the Zimmermann- 
Callow colorimetric technique. 

2. The colorimetric method gave somewhat 
higher results than the polarographic method and 
its standard deviation was also higher. There is some 
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evidence that the polarographic method shows a 
lower variation due to the errors of technique than 
the colorimetric method. 

3. These values, compared with available data 
published by other workers on normal 17-keto- 
steroid excretion, would seem to be higher than any 
other figures published. 


The authors would like to express their thanks to the 
subjects who co-operated in the collection of 24 hr. specimens, 
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An Analysis of the Products Formed During the Hydrolysis of 
Hyaluronate by Enzymes and Acids, with Observations on the 
Nature of the Amino-sugar Released from the Polysaccharide 


By H. J. ROGERS (Beit Memorial Research Fellow) 
The Lister Institute of Preventive Medicine, Elstree, Herts. 


(Received 31 May 1946) 


It has been shown (Rogers, 1945, 1946) that after the 
hydrolysis at pH 7-0 of purified potassium hyaluro- 
nate by either partially purified or crude hyaluroni- 
dase from bull testis, substances, non-diffusible 
through cellophan, remain in the hydrolysate which 
can adaptively increase hyaluronidase production 
by multiplying streptococci. No such substances 
remain after hydrolysis of the polysaccharide at 
pH 7-0 by hyaluronidase produced by either Cl. 
welchit or streptococci. 

In the present paper these non-diffusible con- 
stituents of the hydrolysates are shown to differ 
chemically according to the source of the enzyme 
used for hydrolysis. This result indicates the pro- 
bability that more than one enzyme is involved in 
the complete hydrolysis of hyaluronate. A similar 
conclusion had been reached previously by several 


authors (Madinaveitia & Quibell, 1940; East, 
Madinaveitia & Todd, 1941; Meyer, Chaffee, Hobby 
& Dawson, 1941; Hahn, 1945a). Since the work 
described in the present paper was completed, how- 
ever, definite evidence has been published (Hahn, 
1945b, 1946a, b) which indicates the presence in 
crude preparations from mammalian testis of two 
enzymes which, when acting at pH 4-6, can together 
degrade hyaluronate to monosaccharides. The pH 
of 4-6 has been shown to be near the optimum for the 
activity of testicular hyaluronidase when concen- 
trated buffers are used (Madinaveitia & Quibell, 
1940; Meyer et al. 1941; McClean, 1943). Hydrolysis 
was carried out at pH 7-0 and in dilute buffer and 
salt solutions in the present work, because these were 
the conditions used in the biological studies (Rogers, 
1945, 1946) and have been shown (McClean, 1943) 
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to be close to the optimum for the viscosity reducing 
activity of at least two of the three hyaluronidases 
at present being studied. The work to be reported 
suggests the possibility that the viscosity reducing 
enzyme, active under McClean’s (1943) conditions, is 
different from either of the enzymes studied by 
Hahn (19456; 1946 a, b) which together degrade 
hyaluronate to monosaccharides. 

During the course of these investigations the 
observations of Meyer e¢ al. (1941) and of Humphrey 
(1946) concerning the release of amino-sugars during 
enzymic hydrolysis of hyaluronate were confirmed. 
These authors observed that the apparent amount 
of N-acetylglucosamine released and measured 
colorimetrically was much greater than could be 
accounted for, either by the amount of reducing 
sugar liberated, or even sometimes by the total hexos- 
amine content of the polysaccharide. Humphrey 
(1946) also showed that substances were present in 
enzymic hydrolysates which gave a colour with the 
p-dimethylaminobenzaldehyde reagent (to be called 
Ehrlich’s reagent) used in Morgan & Elson’s (1934) 
colorimetric estimation of N-acetylhexosamines 
before alkali treatment. Hahn (1945a) observed 
that the products of enzymic hydrolysis of hyaluro- 
nate give a purple colour with Ehrlich’s reagent after 
very much milder treatment with alkali than does 
pure N-acetylglucosamine. In the absence of exact 
knowledge of the nature of the amino-sugar deri- 
vative present in enzymic hydrolysates of hyaluro- 
nate and of the reactions involved in its colorimetric 
estimation, it will be referred to in this paper as N- 
acetylhexosamine. 


METHODS 


For the estimation of glucosamine and reducing 
sugar the standard methods referred to elsewhere 
were used (cf. Rogers, 1946). The amount of colour 
produced by the hydrolysates, or fractions from 
them, when tested by the unmodified Morgan & 
Elson (1934) test, has been compared with that 
formed, under the same conditions, by known 
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amounts of a sample of synthetic-N-acetylglucos- 
amine (Zuckerkandl & Messiner-Klebermass, 1931) ; 
the buffer concentration present in the samples and 
in the N-acetylglucosamine standard solution was 
adjusted to be the same throughout any one test. 
The value obtained will be referred to as mg. of N- 
acetylhexosamine. 

The potassium hyaluronate used was isolated 
from umbilical cords and purified as described 
previously (Rogers, 1945). 


The preparation of enzymic hydrolysates 


A solution of purified hyaluronate was mixed with 
0-1m-phosphate-citrate buffer (pH 7-0) containing 
0-6m-NaCl, the appropriate hyaluronidase pre- 
paration added and the mixture incubated at 37° in 
the presence of chloroform. The enzymes were 
purified by the methods described elsewhere (Rogers, 
1946). Table 1 shows the amount of the three 
enzymes used and their degree of purity. When 
testicular enzyme was used incubation was con- 
tinued until there was no further release of reducing 
sugars. In order to bring about a comparable degree 
of hydrolysis by the three hyaluronidases the action 
of the two bacterial enzyme preparations was 
stopped as soon as about 50% of the theoretical 
amount of reducing sugar had been released from 
the polysaccharide. The hydrolysates obtained will 
be called HT (testicular enzyme used), HS (strepto- 
coccal enzyme used) and HW (Cl. welchii enzyme 
used). At least two samples of HT, HS and HW 
were prepared and analyzed. The results reported 
are the mean of the figures obtained. 

The hydrolysates prepared as described above 
were placed in ‘ Visking’ sausage casing and dialyzed 
against changes of distilled water at 0—4° until no 
further fall in the amount of reducing sugars present 
in the dialysate (i.e. material inside the dialysis 
sac) could be detected. The combined diffusates 
were then concentrated in vacuo (25°) to the initial 
volume of the hydrolysates. The enzymes were not 
inactivated before dialysis since the heat treatment 


Table 1. The preparation of the hydrolysates used, by the action of different preparations 
of enzymes on hyaluronate 


The degree of hydrolysis of the substrate was measured by the amount of reducing sugar liberated. 
Substrate mixture: 0-25 g. hyaluronate in 50 ml. water + 12-5 ml. 0-1 mM-phosphate-citrate buffer (pH 7-0) containing 


0-6 m-NaCl. 
Incubation at 37°; chloroform present. 


V.R.U. = viscosity reduction units (McClean & Hale, 1941). 


Amount of 
enzyme 
added 


Source of enzyme (V.R.U.) 


Bull testes 4800 
Streptococcus C 7 4350 
Cl. welchii 8 107 4400 


Symbol 
Hydrolysis for the 
V.R.U./mg. of hyaluronate —_ corresponding 
total N (%) hydrolysate* 
300 52-3 HT 
4,550 45-8 HS 
58,100 52:8 HW 


* Symbols used in text and in Tables 2 and 3. 


784 
necessary for this might change the substances in 
the hydrolysates. Balance sheets after dialysis 
proved that further hydrolysis had not proceeded 
during the period of dialysis. 


Estimations made on the hydrolysates 


The amounts of reducing sugar, N-acetylhexos- 
amine and glucosamine were determined in the hydro- 
lysates and in the diffusates anu dialysates derived 
from them. The ‘N-acetylglucosamine’ values were 
corrected for the N-acetylhexosamine equivalent 
of the colour produced when the enzymic hydro- 
lysates and fractions from them were mixed with 
glacial acetic acid and Ehrlich reagent (Morgan & 
Elson, 1934), without pretreatment with alkali 
(Humphrey, 1946). The amount of colour produced 
under these conditions accounted for 10-25 % of the 
total amount of colour produced by the diffusates 
from the various hydrolysates in the ordinary 
Morgan & Elson (1934) test. 


RESULTS 
The non-diffusible components 


Table 2 records the amounts of reducing sugar, 
glucosamine and N-acetylhexosamine remaining 
inside the dialysis sacs as a percentage of the total 
amounts in three typical hydrolysates. The total 
amounts of reducing sugar and N-acetylhexosamine 
present in the hydrolysates were calculated from the 
glucosamine content of the hyaluronate sample used. 
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ditions, and which do not reduce Somogyi’s (1937) 
reagent. Only 20-4% of the hexosamine originally 
present in the polysaccharide is non-diffusible in HS 
compared with 46-7% in HT and 55-:0% in HW. 
This very much lower result for HS in the absence 
of a greater liberation of reducing substances from 
the hyaluronate can only be explained by supposing 
the formation of diffusible units larger than simple 
monosaccharides. Such units, containing sugar de- 
rivates linked through their 1-position, would havea 
diminished reducing power as compared with free 
monosaccharides. This suggestion is supported by 
an examination of the diffusible constituents in HS 
as will be shown later. 

The non-diffusible components were also ex- 
amined in other hydrolysates prepared by the use 
of streptococcal and testicular enzymes but with 
somewhat different conditions for hydrolysis. For 
example, when testicular hyaluronidase acted at 
pH 7-0upon partially purified hyaluronate (McClean, 
1943) in the absence of added salt only 18-20% of 
the theoretical amount of reducing sugar was 
liberated when hydrolysis had ceased. Of the N- 
acetylhexosamine and reducing sugar liberated, 60-4 
and 58:3% respectively were non-diffusible. In 
other hydrolysates prepared with this enzyme, but 
with it acting in the presence of 0-12 m-NaCl, and in 
very high concentration, 78-80 % of the theoretical 
amount of reducing sugar was liberated. In such a 
hydrolysate 20-9 % of the N-acetylhexosamine and 
23-8 % of the reducing sugar were non-diffusible. In 
hydrolysates prepared with crude streptococcal 


Table 2. The amounts of non-diffusible substances present in enzymic hydrolysates of hyaluronate 
recorded as percentages of the total amounts in the hydrolysates 


Total amounts in hydrolysate 


Non-diffusible substances 








sd 
Glucos- 
amine 
(mg./ml.) 
1-04 
1-27 
1-27 


Reducing 
sugar 
(mg./ml.) 
1-26 
1-42 
1-54 


a 
N-Acetyl- 
hexosamine 
(mg./ml.) 
0-81 
2-27 
1-62 


N-Acetyl- 
hexosamine 
(%) 
51-5 

<1 
16-3 


Reducing 
sugar 
(%) 


Glucos- 
amine 
(%) 
46-7 19-2 
20-4 < 0-5 
55-0 9-8 


* Testicular hyaluronidase used for hydrolysis. 
+ Streptococcal hyaluronidase used for hydrolysis. 
t Cl. welchii hyaluronidase used for hydrolysis. 


The non-diffusible components in the hydrolysate 
HT are obviously different from those present in 
HS. HT contains units which, though too large to 
diffuse through cellophan, still react with Ehrlich’s 
reagent after pretreatment with 0-04 m-Na,CO, 
under the conditions of Morgan & Elson’s (1934) test 
giving a deep purple colour. These non-diffusible 
units in HT appreciably reduce the Somogyi (1937) 
alkaline copper reagent. Hydrolysis by strepto- 
coccal enzyme leaves non-diffusible units which fail 
to react with Ehrlich’s reagent under these con- 


enzyme acting under the usual conditions, but in 
which incubation was continued until hydrolysis had 
ceased, 80-83% of the theoretical amount of re- 
ducing sugars were liberated, of which only a trace 
was non-diffusible; the amount of non-diffusible 
glucosamine was again lower than in the hydrolysate 
prepared by testicular enzyme, which contained a 
similar amount of reducing sugar. 

The non-diffusible units remaining in HW show 
properties intermediate between those of the sub- 
stances present in HT and HS. 
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The diffusible components 


The diffusates from all three hydrolysates in which 
about 50% of the theoretical amount of reducing 
sugar had been liberated gave more colour in the N- 
acetylglucosamine test than would have been ex- 
pected from either the amount of hexosamine 
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(Shigella dysenteriae) polysaccharide by 0-01 N-HCl 
at the temperature of a boiling water-bath, yields 
N-acetylglucosamine. Hydrolysis of hyaluronate 
with N-acetic acid under reflux, at the temperature 
of a boiling water bath, was found similarly to yield 
a substance reacting to give a purple colour with 
Ehrlich’s reagent under the conditions used by 


Table 3. The ratios (A) apparent/calculated amount of N-acetylglucosamine and (B) the amount of reducing 
sugar/the amount of glucosamine, in diffusates from enzymic hydrolysates of hyaluronate. Column C 
shows the effect upon ratio A of heating the diffusates at 99° in N-acetic acid 


(A) 
N-Acetylhexosamine 
*Calculated N- — 

acetylglucosamine 

2-40 

2-07 

1-26 

1-0 


Hydrolysates from 
which diffusate 
was produced 

HSt 
HWt 
HTt 
Theory 


(C) 

(A) after heating 
in N-acetic 
acidt 
0-97 
0-95 
1-04 


(B) 
Reducing sugar 


Glucosamine 
1-60 
2-24 
2-18 
2-38 


* Calculated from the amount of hexosamine present in the diffusate. 
+ Diffusate heated for 4 hr. with N-acetic acid. 


t See Table lL. 


estimated after hydrolysis with 4N-HCl or from 
reducing sugar estimations (see Table 2). As 
Humphrey (1946) pointed out, the amount of N- 
acetylhexosamine varied according to the source of 
the enzyme which had been used for hydrolysis of 
the hyaluronate. In all three hydrolysates, the sub- 
stance reacting to give a colour with Ehrlich’s 
reagent without treatment with alkali (Humphrey, 
1946) was present in the diffusible fractions and not 
in the dialysates. 

If the diffusible substances in the hydrolysates 
consist only of monosaccharides, then the ratios of 
the amount of glucosamine released by strong acid 
hydrolysis of the diffusates to the reducing sugar 
content should be 1/2-38 (potassium hyaluronate 
contains 41-7% glucosamine). Table 3 shows the 
ratios actually obtained. It will be observed that 
this ratio in the diffusate from HS is lower than that 
for this fraction in either HT or HW. This result 
confirms the presence therein of composite sac- 
charide units as had already been suggested by the 
low total amount of hexosamine remaining non- 
diffusible in HS. 


The course of hydrolysis of hyaluronate by 
mild treatment with acids 


When hyaluronate is hydrolyzed by 2-4 N-HCl at 
100°, glucosamine and an organic acid which is 
probably acetic acid are rapidly released. The 
hexuronic acid constituent of the polysaccharide is 
broken down to CO,, furfuraldehyde and other de- 
gradation products. In the course of experiments 
described previously (Rogers, 1946) a less destructive 
method of hydrolysis was required. Morgan (1936) 
showed that hydrolysis of the B. dysenteriae (Shiga) 


Morgan & Elson (1934). Fig. 1 shows the course of 
hydrolysis of a solution (0-5 g./100 ml.) of partially 
purified potassium hyaluronate (containing 70-8% 


100 


Hydrolysis of hyaluronate (%) 


10 20 30 
Time of heating (hr.) 


Fig. 1. The hydrolysis of potassium hyaluronate (solution 
containing 0-45 g./100 ml. of a partially purified pre- 
paration estimated to be 70% pure) by N-acetic acid at 
99°. The degree of hydrolysis is expressed as the percentage 
of the expected amount of N-acetylglucosamine released. 
The pH value of the reaction mixture used was 2-66. 


of the theoretical amount of glucosamine) by N- 
acetic acid when heated in sealed ampoules at the 
temperature of a boiling water-bath. The degree of 
hydrolysis of the polysaccharide was estimated by 
the amount of colour produced by 0-2 ml. samples 
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taken from the mixtures, neutralized, adjusted to a 
volume of 1 ml. and compared in the Morgan & 
Elson (1934) test with the colour formed by known 
amount of N-acetylglucosamine dissolved in neutral- 
ized 0-2 N-acetic acid. The pH of the hydrolysis 
mixtures for which this curve was constructed was 
found by the use of the glass electrode to be 2-66. It 
will be seen that after about 30 hr. treatment under 
these conditions 95-100% of the N-acetylglucos- 
amine contained in the polysaccharide had been 
liberated. It was found that only 54% of the 
theoretical amount of reducing sugar was released 
after 30 hr. hydrolysis. The interpretation of this 
result is, however, difficult since it was found that 
when a solution containing pure glucuronic acid and 
N-acetylglucosamine was heated under the same 
conditions (i.e. with N-acetic acid adjusted to pH 2-7) 
the amount of reducing sugar decreased by 47%. 
This fall was entirely due to destruction of the 
glucuronic acid. There was no decrease in the 
amount of N-acetylglucosamine present in the 
mixture after heating. , 


The nature of the N-acetylhexosamine 


Hahn (1945a) has shown that some products of the 
hydrolysis of hyaluronate by Cl. welchii or testicular 
hyaluronidase form maximum amounts of colour 
with Ehrlich’s reagent after 3-4 min. heating at 100° 
with 0-05M-NaHCO,. N-Acetylglucosamine he 
found to require 30-60 min. treatment under these 
conditions for maximum colour formation. This 
difference the author attributed to more rapid ring 
formation by the substance in the enzymic hydro- 
lysates. Morgan (1936, 1938) and White (1940) have 
shown that when heated in dilute alkalis N-acetyl- 
glucosamine forms a heterocyclic ring compound 
which is probably an oxazoline or oxazole. It is most 
probably a substance of this type which reacts with 
Ehrlich’s reagent to form a purple colour. 

An examination was made of the rate of formation 
of substances giving the colour with Ehrlich’s re- 
agent when fractions from HS, HW and HT were 
treated with 0-04 mM-NaHCO, at the temperature of 
a boiling water-bath. A solution of NaHCO, (0-1 ml. 
of 0-5 Mm) was added to each of four sets of tubes 
(set Nos. 1-4) containing the following amounts of 
fractions from the hydrolysates or of N-acetyl- 
glucosamine : 

dialysate from HT 0-48 ml. (set No. 1), 

diffusate from HS 0-06 ml. (set No. 2), 

diffusate from HW 0-16 ml. (set No. 3), 

N-acetylglucosamine 0-2 mg. (set No. 4). 

The volume in each tube was adjusted to 1-0 ml. 
before the addition of the alkali. Each tube had a 


small condenser attached. Pairs of tubes from each 
set were removed from the bath at intervals (see 
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Fig. 2) and cooled at once for 5-10 min. in ice-cold 
water. Glacial acetic acid and Ehrlich’s reagent 
(Morgan & Elson, 1934) were then added. After a 
period of 1 hr. the amount of colour which had 
developed in the tubes heated for various times were 
compared with that in suitable selected tubes from 
a set (No. 5) containing various amounts of N-acetyl- 
glucosamine which had been treated with 0-04 m- 
Na,CO, for 4 min. by the standard Morgan & Elson 
(1934) technique. The tubes were selected from set 
No. 5 so that the colour therein corresponded within 
+ 20% of that in the particular test solution. Thus 
the results obtained for colour developments in set 
Nos. 1—4 could be expressed in terms of the amount 
of colour given by known amounts of N-acetyl- 
glucosamine treated by the usual procedure for 
estimating this substance colorimetrically. Fig. 2 
shows the results obtained from these experiments. 
It will be seen in confirmation of Hahn’s (1945) work 
that the maximum amount of colour is produced 
by the hydrolysate fractions after only 3—4 min. 
heating. N-Acetylglucosamine, in contrast, re- 
quired about 30 min. The results recorded in Fig. 2 
are expressed in terms of N-acetylglucosamine. 
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Fig. 2. The rate of production of substances forming colour 
with Ehrlich’s reagent from synthetic N-acetylglucos- 
amine and various fractions from enzymically hydrolyzed 
hyaluronate during heating with 0-04 m-NaHCO, at 98°. 
1, dialysate from HT [F|—[); 2, synthetic N-acetyl- 
glucosamine @—®@; 3, diffusate from HS x—x; 
4, diffusate from HW A\—/\. 


Hydrolysis of hyaluronate by mild treatment with 
acids releases exactly 100% of the amount of N- 
acetylglucosamine to be expected from the hexos- 
amine content of the polysaccharide, yet hydrolysis 
with Cl. welchii or streptococcal hyaluronidase 
appears to release two to three times as much N- 
acetylhexosamine (see Table 3) as would be expected. 
When the diffusates from HS, HW and HT were 
heated in a boiling water-bath with N-acetic acid 
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(pH of these mixtures was 2-60) the reason for this 
discrepancy became apparent. Fig. 3 shows that 
this treatment rapidly decreases the amount of 
colour given by the substances with Ehrlich’s 
reagent after treatment with alkali, as in the Morgan 
& Elson (1934) test. 


N-Acetylhexosamine (mg.) 





Time of heating (hr.) 


Fig. 3. The effect of heating the diffusible fractions from 
enzymically hydrolyzed hyaluronate with Nn-acetic acid 
upon the amount of colour produced in the Morgan & 
Elson (1934) test. The pH value of the mixture used was 
2-70. 1, diffusate from HS AW—A/\; 2, diffusate from HW 
x—x ; 3, diffusate from HT O—©. 


It is probably significant that in all three samples 
the amount of colour obtained in the N-acetyl- 
glucosamine test after 4 hr. heating with N-acetic 
acid corresponded to within 5% of the amount of 
N-acetylglucosamine calculated to be present from 
the amount of glucosamine present in the completely 
hydrolyzed diffusates. 

Table 3 summarizes these results. The value for 
the ratio of observed to calculated amounts of N- 
acetylglucosamine is very much lower in the un- 
treated diffusate from HT. When this diffusate was 
heated with N-acetic acid there was only a slight fall 
in the amount of colour produced in the Morgan & 
Elson (1934) test. 

When the diffusates, which had been treated for 
4hr. with n-acetic acid in a boiling water-bath, were 
heated with 0-04 m-NaHCO,, the rate at which sub- 
stances which form the colour with Ehrlich’s reagent 
were produced corresponded with that for pure N- 
acetylglucosamine. 
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THE HYDROLYSIS OF HYALURONATE BY HYALURONIDASE 


DISCUSSION 


The enzymic hydrolysis of macromolecules, such as 
those present in a solution of hyaluronate, is likely 
to be a complex process. The results obtained from 
studies of the enzymic hydrolysis of other polysac- 
charides, such as starch, have indicated that the 
substrate may consist of units joined into different 
configurations (e.g. amylose and amylopectin) and 
that several enzymes may be responsible for the 
ultimate degradation of the polysaccharide to 
simple mono- or disaccharides (e.g. « and 8 amylase 
and maltase). In this paper the products formed 
during the hydrolysis of hyaluronate at pH 7-0 by 
hyaluronidase from one mammalian and two bac- 
terial sources, have been examined. In the various 
hydrolysates the degree of hydrolysis of the poly- 
saccharide was adjusted so that about 50% of the 
theoretical amount of reducing sugar had been 
released (i.e. assuming that the polysaccharide con- 
sists of equimolar amounts of N-acetylglucosamine 
and glucuronate). The results obtained show that 
under the conditions used the three hyaluronidases 
liberate units of different average sizes with various 
reducing capacities. The streptococcal enzyme, for 
example, releases freely diffusible reducing sugar and 
leaves no reducing oligosaccharides, whereas testi- 
cular hyaluronidase leaves non-diffusible units - 
which account for as much as 20 % of the liberated 
reducing sugar. Thus no simple unit of enzyme 
activity based on liberated reducing sugar can satis- 
factorily be used as a comparison of the potency of 
hyaluronidases from different sources. 

Hahn (19456, 1946 a, b) found that at pH 4-6 one 
testicular enzyme degraded hyaluronate to disac- 
charides whilst a second completed hydrolysis to 
monosaccharides. Both of these products were, of 
course, freely. diffusible, and so different from the 
products formed during hydrolysis at pH 7-0 with 
the salt concentrations used here. The most probable 
explanation of this difference seems to be that each 
preparation of hyaluronidase consists of several 
enzymes responsible for the various stages of the 
hydrolysis of hyaluronate. The optimal pH and salt 
concentration for the activity of each of these 
enzymes may vary according to the source from 
which it is isolated. In support of this it may be 
pointed out that Hahn (19456) says that at pH 4-6 
Cl. welchii hyaluronidase preparations do not de- 
grade the polysaccharide to monosaccharides, i.e. 
these preparations contain no ‘oligosaccharase’. At 
pH 7-0, however, and with the salt and buffer con- 
centrations used in the present studies, a large pro- 
portion of the reducing sugar liberated by this 
enzyme appears to be monosaccharides. Moreover, 
Meyer et al. (1940) showed that their Cl. welchii 
preparation liberated 91 % of the theoretical amount 
of reducing sugar when acting at pH 6-0 close to the 
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optimum pH of 5-8 determined under their salt and 
buffer conditions. Thus the hyaluronidases with 
optima around pH 7-0 (McClean, 1943), which de- 
crease the viscosity of hyaluronic acid, may well be 
distinct from either of the polysaccharases studied 
by Hahn. 

The rate of production of substances which form 
the colour with Ehrlich’s reagent, during treatment 
of the hydrolysates with NaHCO, confirm the results 
obtained by Hahn (1945a) and suggest the possibility 
that colour formation is not due to N-acetylglucos- 
amine in its usual form. The results obtained here 
suggest that this substance may be readily con- 
verted into N-acetylglucosamine by mild treatment 
with acids. It is important to note, however, that 
although the conditions of acid treatment used 
would not perceptibly de-acetylate N-acetyl- 
glucosamine, acetylhexosamine was released from 
hyaluronate under these same conditions and so 
glycosidic bonds involving N-acetylglucosamine 
would most probably be hydrolyzed ; the amount of 
colour given by N-acetylglucosamine when com- 
bined, for example, into a disaccharide through 
some bond not involving carbon atom 1, is as yet 
unknown. The isolation by Meyer & Palmer (1936) 
of 55% of the theoretical amount of glucosamine 
from hyaluronate after hydrolysis with 2 N-HCl does 
not necessarily conflict with the suggestion that the 
constituent N-acetylhexosamine of the original 


polysaccharide is not N-acetylglucosamine itself, 
since it may have been changed into this amino- 
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sugar derivative by the drastic acide.treatment 
necessary for hydrolysis. Recentl however, 
Morgan (private communication), has shown that 
solutions of pure N-acetylglucosamine itself give 
different amounts of colour with Ehrlich’s reagent, 
according to the pH used for pre-treatment. More. 
over, he finds that the rate and intensity of colour 
production are different when different buffers of 
the same pH are used. Therefore, without further 
study of the changes undergone by N-acetylglucos- 
amine in alkaline solution, far-reaching conclusions 
are not justified. 


SUMMARY 


1. The hydrolysis of hyaluronate at pH 7-0 by 
hyaluronidase obtained from one mammalian and 
two bacterial sources yields products which are 
chemically distinguishable. These results correlate 
with the different adaptive enzyme effects on micro- 
organisms of the various hydrolysates. 

2. The relation of the results obtained to the 
possible complexity of the enzyme system hitherto 
known as hyaluronidase is discussed. 

3. Observations are recorded of the apparent 
differences between the behaviour of the substance 
called here acetylhexosamine, present in enzymic 
hydrolysates of hyaluronate, and N-acetylglucos- 
amine itself. 


I wish to thank Dr W. T. J. Morgan for his interest and 
encouragement during this part of the work. 
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It was reported in a previous article (Popjék & 
McCarthy, 1943) that extraction of lipids from 
normal human serum does not alter the colloid- 
osmotic properties of serum-proteins. This result was 
not in agreement with the claims of Macheboeuf 
(1929), Macheboeuf & Sandor (1931), Fishberg (1929) 
and Rabinowitch (1930) that the lipids exert an 
osmotic pressure. Macheboeuf reported that lipae- 
mic sera of patients suffering from lipoid nephrosis 
(i.e. subacute nephritis of the nephrotic type) exerted 
a higher osmotic pressure/g. protein than sera of 
normal subjects, and concluded that this was caused 
by the high concentration. of lipids in these sera. He 
suggested that the lipaemia of nephrosis is a com- 
pensating mechanism for the diminution of osmotic 
pressure due to the loss of serum-albumin. Rabino- 
witch suggested that cholesterol in the serum of 
diabetics exerts an osmotic pressure. 

Although our own results showed that the lipids 
of normal serum have no osmotic effect, there was 
the possibility that in lipaemic sera osmotic pres- 
sures due to lipids might be detectable. We decided 
therefore to study this question further both in 
human and animal material. The results reported 
here were obtained with (a) normal and lipaemic 
rabbit sera; (b) lipaemic rabbit serum before and 
after extraction of lipids; (c) normal human serum 
and a lipaemic serum obtained from a case of sub- 
acute nephritis of the nephrotic type. 


MATERIAL AND METHODS 


Production of lipaemia in rabbits. This was done by feeding 
amorphous cholesterol (1 g./day) in a watery suspension by 
the method of Démési & Egyed (1939). It was shown by 
Popjak (1945, 1946) that the oral administration of amor- 
phous cholesterol to rabbits, without the addition of fat to 
the diet, causes a marked increase in all the lipid fractions of 
the blood-plasma. The cholesterol administration was usually 
continued for 1-2 months. The rabbits, under nembutal 
anaesthesia, were bled from the aorta. The sera, when in 
sufficient quantity, were investigated individually; other- 
wise the sera of two or more rabbits were pooled. 

Normal rabbit serum was obtained in a similar way. 

Human serum. Serum was obtained from the blood of 
a patient (W.C.) aged 54, who suffered from subacute 


nephritis of the nephrotic type. He had massive oedema 
and albuminuria, losing 10-20 g. of protein/day in his urine. 
There was no haematuria, nor nitrogen retention (serum 
non-protein-N 39 mg./100 ml.) at the time and no high 
blood pressure. Approximately a year after our sample was 
obtained the patient progressed to chronic nephritis with N 
retention and hypertension. 

Normal human serum was obtained from 10 healthy male 
medical students, equal volumes from each being pooled. 

Osmotic pressure measurements. These were made by the 
method of Adair (1925), using collodion sacs of such per- 
meability that at a pressure of 480 mm. of Hg the rate of 
filtration of water through the membranes was 0-0015— 
0-0030 ml./sq.cm./min. Membranes with 30-35 sq.cm. total 
surface area and a volume of 8-10 ml. were used. These large 
membranes proved of particular value with low protein 
concentrations by improving the accuracy of osmotic pres- 
sure measurements. 

The sera were dialyzed for 48-72 hr. at 0° against several 
changesof M/15 PO, buffer (m/30 KH,PO, + M/30 Na,HPO,), 
pH 6-8. The same buffer was used for the outer fluid in the 
osmometers. The osmometers were equilibrated for 10-14 
days at 0°. The osmotic pressures of several dilutions of the 
sera were measured in mm. of the protein solution and were 
calculated as mm. of Hg after determination of the densities 
of the solutions by pyknometry at 0°. Corrections for 
capillarity forces were made. 

Protein concentration was measured by determination of N 
by a micro-Kjeldahl method. When the digestion mixtures 
became clear after being heated with a 1% solution of 
selenium dioxide in 50 % (v/v) H,SOx,, the flasks were cooled, 
a few drops of N-free water and 10 drops of H,O, (B.D.H. 
micro-analytical reagent, 100 vol.) were added and the 
digestion was continued for a further 8 hr. 

Albumin-globulin ratios. The globulins were precipitated by 
saturating with MgSO,: to 1 ml. of serum were added 1-2 g. 
of finely powdered MgSO, and 7 ml. of a saturated watery 
solution of MgSO,. The mixture, with occasional shaking, 
was left at room temperature for 24 hr., after which it was 
filtered through a Whatman no. 42 filter paper until a 
crystal-clear filtrate was obtained. Usually two, occasionally 
three, filtrations (through the same filter paper) were 
necessary. Albumin-N was determined on a sample of the 
filtrate. 

In some cases the methanol precipitation method of 
Pillemer & Hutchinson (1945) was also used for the deter- 
mination of albumin-globulin ratios. According to these 
authors this method gives albumin-globulin ratios agreeing 
within 5-10% with values obtained by electrophoretic 
analysis. We found that this method could not be used on 
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protein solutions dialyzed against PO,” buffer and taken 
from the osmometers, on account of the incomplete pre- 
cipitation of globulins. It was employed therefore on un- 
dialyzed sera only. 

In caleulation of protein concentration from N content, 
the figures for horse serum albumin (15-6% N) and horse 
serum globulin (15-13% N) were used (Adair & Robinson, 
1930a). Thus total protein concentration (C) in g./100 ml. of 
solution was obtained by the formula 

. of globulin-N 

C= (o-41 +0-2 x gre ee ) x g. of total protein-N. 
Corrections for phospholipid-N were made, 1-8 % being taken 
as the mean N content of the phospholipids (lecithin + cepha- 
lin) (cf. Maclean & Smedley Maclean, 1927, pp. 17, 49). In 
the determinations of albumin-globulin ratios it was assumed 
that all the phospholipids were precipitated with the glo- 
bulins. 

Lipid analyses. The sera were extracted by boiling with 
at least 20 vol. of an ethanol-ether mixture (3:1, v/v) 
(Bloor, 1928). The filtered extracts were evaporated to 
dryness under reduced pressure (20-40 mm. of Hg) at 30—40° 
external temperature while a slow current of N gas was 
passing through the extract. The dry residue was extracted 
with light petroleum (b.p. 40-60°) and the various lipid 
fractions were isolated from this light petroleum extract. 
The phospholipids were precipitated by acetone and MgCl, 
and were determined by the dichromate-oxidation method of 
Bloor (1929). For the determination of non-phospholipid 
fatty acids (derived from neutral fats and cholesteryl esters) 
a sample of the supernatant liquid obtained after pre- 
cipitation of the phospholipids was evaporated to dryness 
and the residue saponified with ethanolic KOH (0-2-0-3 ml. 
of a 40% (w/v) aqueous KOH solution added to 5 ml. of 
absolute ethanol) at 75° for 2 hr. The ethanol was then 
evaporated off and the mixture acidified with 5% (w/v) 
HCl, and was extracted with light petroleum. The fatty 
acids, redissolved in hot absolute ethanol, were titrated at 
75° with 0-02 N-aqueous NaOH. Their average molecular 
weight was assumed to be 275. Free and total cholesterol 
were determined by the digitonin method of Popjak (1943); 
ester cholesterol was calculated by difference. Neutral fats 
were calculated by the formula: 

Neutral fat =(non-phospholipid fatty acids 

—ester cholesterol x 0-72) x 1-05. 
The lipid contents of the sera are shown in the tables as 
mg./g. total protein; this method of presentation was chosen 
instead of the customary mg./100 ml. because it allows the 
calculation of the lipid content, from the protein concen- 
tration, of all the serum-dilutions used in the osmometry. 


RESULTS 


I. Evaluation of albumin-globulin ratios with the 
aid of electrophoresis 


It will be seen later that for the interpretation of 
osmotic pressure measurements it was important 
to know how far the albumin-globulin ratios 
obtained by the MgSO, method approximate the 
‘true’ values. The ratio obtained by salt precipita- 
tion methods can give only approximate values on 
account of the solubility characteristics of proteins. 
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These and other methods are known to yield con. 
flicting results. Taylor & Keys (1943) concluded 
from their experiments and a review of earlier work 
that the ratios in human serum estimated by sodium 
sulphate are about 5% higher than those given by 
electrophoresis and that this discrepancy is increased 
in abnormal sera. Ultracentrifugal analysis yields a 
considerably higher ratio than electrophoresis (Kek- 
wick, 1939). Pillemer & Hutchinson (1945) reported 
a closer agreement, within 5 %, between the electro- 
phoretic and methanol methods on normal sera, 
although a greater divergence occurs in the case of 
pathological sera. It seemed probable that the 
magnesium sulphate method, which according to 
our experience gives lower values than the sodium 
sulphate method, might yield results in agreement 
with those from electrophoresis. This point was 
therefore tested. 

















Electrophoresis. The serum samples were dialyzed in 
cellophan bags against PO, buffer, pH 8, ~=0-2. The 
difference in refraction between the inner fluid (n,) and the 
outer (%)) was measured with a dipping refractometer 
(A=546 my). The choice of (n, — ) values was determined in 
each case by the turbidity of the solution. All samples were 
centrifuged before electrophoresis to remove the slight 
precipitate which formed during dialysis. 

The electrophoretic examination was made in a Tiselius 
(1937) apparatus at 0° with a potential gradient of 5 V./em. 
The diagonal schlieren method and monochromatic light 
(546 my) were used for the optical observations. The relative 
concentration of components was measured by optical pro- 
jection and tracing of the photographs on graph-paper 
followed by extrapolation and planimetry. Anode and 
cathode limb pictures were used in the analyses. 

The high degree of lipaemia in some of our sera caused 
considerable experimental and analytical difficulties. Slowly 
separating 5 or « and y boundaries also rendered the esti- 
mation of y-globulin inaccurate in certain experiments. Dis- 
crepant results in our early attempts to measure the albumin- 
globulin ratios of lipaemic sera by electrophoresis led to the 
adoption of various technical modifications. 
















The results of electrophoretic analyses of the sera 
are shown in Table 1 and Fig. 1. Exps. 1 and 2 
(Fig. 1 (a) and (b)) record results obtained with two 
samples of pooled normal rabbit sera. The agree- 
ment found between the albumin-globulin ratios 
based on exposures obtained simultaneously from 
the anode and cathode limbs appears to be reason- 
ably close in both experiments. The pattern of the 
descending boundaries in Exp. 1 (Fig. 1 (a)) showed 
the ‘f-globulin disturbance’ (Longsworth, Shed- 
lovsky & MacInnes, 1939); the area due to this effect 
was included as globulin. The percentage albumin 
content of this serum found by electrophoresis seems 
in agreement with that obtained by MgSO, pre- 
cipitation but differs widely from the result deter- 
mined by the methanol method. 

The data of Exp. 2 were measured on a more 
representative sample of rabbit serum composed of 




















1946 Table 1. Percentage albumin content of normal and lipaemic sera 
as determined by electrophoresis and chemical methods 
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1 of rabbit serum; (c) normal human serum; (d) lipaemic rabbit serum; (e) same as (d) after Seitz-filtration; (f) lipaemic 
rabbit serum no. 3 Seitz-filtered (1); (g) same as (f) Seitz-filtered separately (2); (h) same as (f) after ‘defatting’, the 
serum was dried and reconstituted; (i) same as (f) after ‘defatting’, the serum was not dried. 
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equal volumes of sera from 10 animals. The result 
is higher than that of Exp. 1; the latter agrees with 
the latest findings of Svensson (1946). The values 
yielded by the magnesium sulphate and electro- 
phoretic methods are in substantial agreement, 
although the former gave slightly lower albumin 
content in Exp. 2 than the latter. 

The values given in Exp. 3 (Fig. 1 (c)) were 
obtained on the normal human serum used for 
measuring the osmotic pressures (see Tables 8, 9; 
Figs. 7, 8). The average alburnin-globulin ratio com- 
puted from both limb patterns is slightly lower than 
that estimated by MgSO, precipitation. 

Data for a lipaemic rabbit serum are shown under 
Exp. 4, Table 1, and in Fig. 1 (d). The serum was 
very milky and had to be diluted until photographic 
recording was possible. Analysis showed a relative 
increase in the globulin area, mainly in the «- and 
B-components. Blix, Tiselius & Svensson (1941) 
observed that human £-globulin was characterized 
by a high lipid content and Zeldis, Alling, McCoord & 
Kulka (1945) reported a similar attribute of the «- 
globulin of dog plasma. The enlargement of the 
' globulin area in our experiments was much more 
marked on the anode pattern and caused a great 
discrepancy in the albumin-globulin ratio computed 
from the exposures obtained simultaneously from 
both limbs. This finding may indicate the presence of 
some interaction of components which is more 
strongly marked in one limb of the U-tube. Seitz- 
filtration of the same serum and subsequent dilution 
and electrophoresis yielded the data of Exp. 5, Table 1 
(Fig. 1 (e)). It is obvious that either one or both of 
the chemical methods is subject to great error. 

The albumin concentrations recorded under Exps. 
6 and 7 (Fig. 1(f) and (g)) were measured on two 
separately Seitz-filtered samples of lipaemic rabbit 
serum no. 3, which was used for osmotic pressure 
measurements (see Tables 5, 6, 7; Figs. 5, 6). The 
discrepancy in the results seemed to indicate a loss 
of protein in the filtration process. Since the tur- 
bidity of the unfiltered solution made complete 
photographic recording impossible and since facilities 
for supercentrifugation at 30,000 r.p.m. (cf. Longs- 
worth et al. 1939) were not available, an attempt was 
made to measure the albumin-globulin ratio in- 
directly by the following procedure. The serum 
(6 ml.) was centrifuged at 3600 r.p.m. for 1 hr. until 
a thick supernatant pad of fat had separated. The 
solution was then dialyzed and diluted to a (n,;— 7p») 
value of 0-00096, at which concentration the 
separated albumin boundary was visible in advance 
of the opaque globulin region during electrophoresis. 
The albumin concentration was calculated from the 
following equation (Svensson, 1939): 


U 


C= 
F.G.k.l.a.tan 6’ 
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in which C = protein concentration; U = the area of 
the component on the photographic plate ; 7 = mag. 
nification factor between the plate and the inclined 
edge (horizontal magnification); G = magnification 
factor between the plate and the cell (vertical 
magnification); k=refractive index increment per 
unit concentration; 1=the optical distance between 
the cell and the slanting edge; a = cell thickness; and 
6=the angle of the inclined slit with the vertical. 

The mean value of the albumin concentration 
calculated from five exposures was 0-48 % + 0-02. 
The corresponding albumin-N, calculated on the 
basis of 15-6% N content, was 0-749 mg./ml. of 
solution. The solution contained 0-923 mg. total 
protein-N/ml., yielding an albumin-giobulin ratio of 
4-3. This improbable finding led to the discon- 
tinuance of the method. 

The difficulties encountered in our attempts to 
measure the albumin-globulin ratio in lipaemic sera 
by electrophoresis suggested the extraction of lipids 
(‘defatting’) as a preliminary step. The alteration 
caused by this procedure in the electrophoretic pat- 
terns of lipaemic human and dog sera described by 
Zeldis et al. (1945) seems to demonstrate, moreover, 
that electrophoretic analysis of untreated lipaemic 
sera does not assess accurately the distribution of 
the protein fractions. 

The analysis listed in Table 1 as Exp. 8 (Fig. 1 (h)) 
was made on lipaemic rabbit serum no. 3 used in 
Exps. 6 and 7 and -in measurement of osmotic pres- 
sures (lipaemic rabbit serum no. 3 after ‘defatting’; 
see Tables 5, 6, 7; Figs. 5, 6). ‘Defatting’ was effected 
by the method of McFarlane (1942) and loss of pro- 
tein was prevented by the precautions described in 
section III of the present article. After ether ex- 
traction a portion of the serum was dried from the 
frozen state in vacuo over P,O; and reconstituted 
subsequently. After the usual preliminary dialysis, 
an electrophoretic analysis was made. The originally 
clear solution developed a considerable turbidity 
during temperature equilibration (0°), and photo- 
graphic recording and tracing were rendered diffi- 
cult. The experiment was repeated therefore on the 
same extracted serum with the omission of the 
drying process. As an additional precaution, prior to 
electrophoresis, the dialyzed serum was poured into 
an inclined test-tube and left at 0° overnight. The 
supernatant fluid was pipetted off from a very slight 
sediment and yielded on analysis the data of Exp. 9 
(Fig. 1 (<)). The experimental error could account for 
the difference in the results of Exps. 8 and 9. The 
average albumin content computed from anode and 
cathode limb patterns of Exps. 8 and 9 is 61-55%. 
By the MgSO, method an albumin content of 55-55% 
was found. 

Finally the accuracy of the MgSO, method for the 
estimation of the albumin-globulin ratio was in- 
vestigated by the following procedure. Two large 
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volumes of rabbit serum, normal and lipaemic, were 
fully saturated with MgSO, and filtered three times 
through a Whatman no. 42 paper. The clear ‘albu- 
min’ filtrates were dialyzed against distilled water 
at 0° until the dialysis fluid gave a negative BaCl, 
test for SO,. The protein solutions were then 
equilibrated against PO; buffer, pH 8, ».=0-2. The 
precipitate, collected on the filter-paper, was washed 
three times with a saturated solution of MgSO, and 
then redissolved. The solution was dialyzed against 
distilled water and PO, buffer. The ‘globulin’ 
solution of the normal serum was slightly cloudy, 
while that of the lipaemic serum was intensely milky. 
Both were ‘defatted’ by the method of McFarlane 
(1942). The clear solutions which resulted were again 
dialyzed against PO, buffer. The protein solutions 
prepared from the precipitates and filtrates were 
then subjected to electrophoresis. 


SERUM PROTEINS AND LIPIDS 


793 


of doubtful significance, since the experimental error 
was increased by turbidity of the solutions during 
electrophoresis. Since mobility measurements were 
not made, the identity of the components in the 
‘albumin’ (Fig. 2 (a), (b)) and ‘globulin’ (Fig. 2 (c), 
(d)) preparations remains open to conjecture. In- 
spection alone indicates, however, that the filtrates 
contained «-globulin as well as albumin and that the 
B- and y-globulins are retained in the precipitates, 
which show no evidence of presence of albumin. 
The amounts of «-globulin remaining in solution 
were small and approximately equal in the normal 
and lipaemic serum. Since we have no data regard- 
ing the molecular weight of this globulin fraction, 
we decided to use the albumin-globulin ratios 
obtained by the MgSO, method, without any cor- 
rections, in the theoretical interpretation of the 
osmotie pressure data. It can be inferred that the 


Table 2. Percentage distribution of electrophoretic components in the ‘albumin’ and ‘globulin’ fractions 
prepared from normal and lipaemic rabbit sera by saturation with MgSO, 


4 ‘Albumin’ fraction 


A 
— = ee 


Fast 
component 
(albumin) 


Material 


Normal serum 
Lipaemic¢ serum 


Poe 


——) (a) — 


te 


component 
(? «-globulin) 
(% of total) 
a 


‘Globulin’ fraction 

Slow 
component 

(? y-globulin) 


Fast 
component 
(? B-globulin) 

(% of total) 
nl oe ie 
56-2 43-7 
58-8 41-2 


Slow 


Q- 


9-5 
7-4 (43-0) 


——_ (b) _—— 


ted Ad. 


Fig. 2. Electrophoretic patterns of ‘albumin’ and ‘globulin’ fractions prepared from normal and lipaemic rabbit sera by 
saturation with MgSO,. (a) ‘albumin’ fraction from normal and (6) from lipaemic serum; (c) ‘globulin’ fraction 


from normal and (d) from lipaemic serum. 


The results are shown in Table 2, Fig. 2. The 
quantitative data on the ‘albumin’ solutions were 
obtained by extrapolation of the small component 
only, which was then expressed as a percentage of 
the total area. The slight difference found in the 
percentage of the smaller component in both filtrates 
is probably not significant in view of a marked dis- 
crepancy between the anode and cathode limb 
measurements made on the filtrate of the lipaemic 
serum. The small differences observed in the pro- 
portions of globulins in the two preparations are also 


albumin-globulin ratios estimated by MgSO, pre- 
cipitation are very nearly the ‘true’ ratios and that 
even the presence of very large amounts of lipids 
does not influence the results. The latter point was 
further emphasized by the observation that this 
method gives identical results for lipaemic sera 
before and after extraction of lipids. It is of interest 
to note also that, according to Dr M. E. Adair 
(1945), of several procedures tested, the MgSO, 
method gives the closest agreement with albumin- 
globulin ratios estimated serologically. 
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II. Results of osmotic pressure measurements 
on normal and lipaemic rabbit sera 


Table 3 shows the lipid content of the normal and 
of the lipaemic rabbit sera. It can be seen that 
administration of amorphous cholesterol alone, with- 
out the addition of fat to the diet, produced a very 


Table 3. Lipid content of normal rabbit serum and 
lipaemic rabbit sera nos. 1 and 2 used for measure- 


ment of osmotic pressures 

Lipaemic Lipaemic 
serum serum 
no. lf no. 2t 


(mg./g. total serum protein) 
aa 
119-0 
78-5 
58-5 
129-0 
93-0 


Normal 
serum * 


43-5 
65-0 
46-0 
118-0 
85-0 


Neutral fat 8-5 
Phospholipids 12-9 
2. 
Cholesterol xl i 
Fatty acids of chole- 6-4 
steryl esters 
Total lipid 39-0 346-0 
* Pooled serum of three normal rabbits. 
+ Pooled serum of two cholesterol-fed rabbits (Ch 5 
and 6). 
t Serum of cholesterol-fed rabbit (Ch 3). 


+ 


479-0 


marked increase in all the lipid fractions of the 
serum (cf. Popjaék, 1945, 1946). It would seem, 
therefore, that if any of the serum-lipid fractions 
exert an osmotic pressure or influence the colloid- 
osmotic properties of the proteins such effects should 
be detectable with these sera. 

In Fig. 3 osmotic pressures are plotted against 
protein concentrations. An inspection of the curves 
reveals that the lipaemic sera exerted a lower 
osmotic pressure/g. of total protein than did the 
normal serum. 


The observed osmotic pressure (p) of unfractionated 
serum proteins is the sum of a number of factors and by 
applying Dalton’slaw of partial pressures (Adair & Robinson, 
19305) it can be expressed as 

P=PatPot Pir (1) 
where p, and p, =the partial pressures of serum albumin and 
globulins respectively; and p;=the ion pressure difference 
due to the excess of ions within the membrane. Since the 
unequal distribution of ions between the inner and outer 
fluids in the osmometers may affect considerably the 
observed osmotic pressures at high protein concentrations 
(cf. Adair & Robinson, 19306), the comparison of the 
osmotic effects of different sera has to be made at infinite 
dilutions of the proteins, when the term p, in equation (1) 
becomes zero. Such comparison can be effected by the 
determination of 7, i.e. the limiting value of the ratio 
osmotic pressure/protein concentration (p/C)=7 in. an in- 
finitely dilute solution, by extrapolation. Further, since the 
osmotic pressure of serum at infinite dilution is equal to 
the sum of the partial pressures of serum albumin and of 
serum globulins, in analyzing our data the relative pro- 
portions of these proteins in the sera have to be taken into 
account also. 
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Table 4 gives detailed data for the osmotic pressure 
measurements illustrated in Fig. 3. Fig. 4 shows the 
determination of 1/7) by extrapolation (Adair & 
Robinson, 19306). Within the range of protein con- 
centrations employed, there is a linear relationship 





Osmotic pressure at 0° (mm. of Hg) 








Protein concentration (g./100 ml. of solution) 


Fig. 3. Relationship between protein concentration and 
osmotic pressure of (I) normal, (II) and (III) lipaemic 
rabbit sera nos. 1 and 2 respectively. The continuous 
curves have been calculated by the equation 

p=m0/(1 -K,C). 
© observed values for normal, A, and Y/ for lipaemic 
rabbit sera nos. 1 and 2. 


between 1/z (=C/p) and C, which can be expressed 
by the type of equation given below 

1/7=b—aC, (2) 
where b= 1/zp, i.e. the value of 1/7 when C->0. The 
straight lines in Fig. 4 are represented by the fol- 
lowing equations: 


I(fornormalrabbit serum) 1/7= 0-467 — 0-0238C 

II (for lipaemic serumno.1) 1/7= 0-507 — 0-0250€ 
III (for lipaemic serumno. 2) 1/7= 0-550 —0-0275C 
Hence the value of 7, for the normal serum is 2°14, 
and for lipaemic sera 1 and 2, 1-97 and 1-82 re- 
spectively. The lipaemic sera, therefore, exerted 
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Table 4. Data for osmotic pressure measurements on normal and lipaemic rabbit sera (see also Figs. 3, 4) 
Protein concentration Osmotic : 
pressure _ g- albumin 
Osmo- Cc C,* p g. total protein 
meter (g./100 ml. (g./100 ml. (mm. Hg (X,) 
no. of solution) of solvent) at 0°) 1/2 (=C/p) 1/2, (=C,/p) (by MgSO,) Vpit 
(a) Normal serum (see also Figs. 3, 4, curve I) 
1 7-13 7-550 24-07 0-296 0-314 0-675 0-767 
2 6-21 6-520 19-47 0-319 0-335 
3 4-66 4-838 13-08 0-356 0-370 
4 3-57 3-671 9-36 0-381 0-393 
5 2-59 2-643 6-40 0-405 0-413 
6 2-86 2-925 7-13 0-401 0-411 
7 0-94 0-947 2-15 0-437 0-441 
(b) Lipaemic serum no. I (see also Figs. 3, 4, curve II) 
8 6-07 6-495 17-12 0-355 0-379 0-611 1-074 
9 4-87 5-140 12-91 0-377 0-398 
10 3-97 4-150 9-75 0-407 0-425 
ll 3-00 3-100 6-71 0-447 0-462 
12 1-92 1-960 4-20 0-456 0-467 
13 1-27 1-289 _ 2-69 0-473 0-479 
14 0-82 0-828 1-67 0-491 0-495 
(c) Lipaemic serum no, 2 (see also Figs. 3, 4, curve ITT) 
15 6-48 7-030 17-58 0-369 0-400 0-520 1-206 
16 5-32 5-683 13-15 0-405 0-433 
17 4-23 4-460 9-60 0-440 0-464 
18 3-02 3-136 6-37 0-474 0-493 
19 2-17 2-230 4-56 0-477 0-489 
20 1-13 1-146 2-18 0-519 0-526 
100 
* 0 Pa al 
Calculated by C,=C 100 — 0,0" 


+ v,,=Vvol. of 1 g. dry protein +2 g. lipids/g. protein. 


definitely a lower osmotic pressure/g. protein than 
did the normal serum. 


l/r 








0-28 





Protein concentration (g./100 ml. of solution) 


Fig. 4. Relationship between protein concentration and 
1/r(=C/p). © observed values for normal, A and V/ for 
lipaemic rabbit sera nos. 1 and 2 respectively. The straight 
lines represent the equations: (I) 1/7=0-467 —0-0238C; 
(IL) 1/7 =0-507 — 0-0250 ; and (III) 1/7 =0-550 —0-0275C. 


Evidence on the question whether the observed 
differences in the osmotic pressures of the various 


sera are due to their different albumin-globulin 
ratios, or to their different lipid contents, can be 
obtained by comparing the observed and theoretical 
values of 7. 

At infinite dilution the osmotic pressure of the 
serum can be written (Adair & Robinson, 19305) 


p=RT (10C,)/M,+RT (10C,)/M,, (3) 


where C,, and C, denote the concentrations of albu- 
min and globulins in g./100 ml. of solution; M, and 
M, the molecular weights of albumin and globulins 
respectively. If it be assumed that M,= 72,000 and 
M,=170,000 (values known for horse serum albumin 
and unfractionated horse serum globulins; Adair & 
Robinson, 19306), the value of theoretical 7, at 0° 
obtained from equation (3) is 


my = 2-36X,, + 1-00 (1—X,), (4) 


where X,=g. of albumin/g. of total protein, and 
therefore (1 — X,)=g. of globulin/g. of total protein. 

For the normal serum X,, is equal to 0-675, and for 
lipaemic sera nos. 1 and 2, 0-611 and 0-520 re- 
spectively, as determined by the MgSO, method. 
The theoretical values of 7, for the normal serum and 
for lipaemic sera nos. 1 and 2 are 1-92, 1-83 and 1-71 
respectively. If these figures be compared with the 
observed values of zy, it is evident that, although 
they are not identical, the divergence from the 
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normal is of the same order of magnitude in both 
the observed and theoretical values. 

The discrepancy between the observed and 
theoretical values of 7) can be explained by three 
factors: (a) that in the calculation of theoretical zp, 
constants for hofse serum proteins were used; 
(6) that the albumin-globulin ratios determined by 
the salt precipitation method may not represent the 
true values; and (c) that in the unfractionated sera 
osmotically active undialyzable substances of low 
molecular weight are present besides albumin and 
globulins. 


iT. 


Osmotic pressure measurements on lipaemic 
rabbit serum before and after ‘defatting’ 


In a further endeavour to obtain a definite answer 
to our main problem, whether the serum-lipids exert 
an osmotic pressure, we investigated the colloid- 
osmotic properties of a lipaemic rabbit serum before 
and after extraction of lipids (‘defatting’). 


‘ Defatting’ of lipaemic rabbit serum. This was done by the 
method of McFarlane (1942), i.e. by shaking the serum with 
ether and freezing the mixture to below — 25°, followed by 
thawing. In our previous work (Popjak & McCarthy, 1943), 
we encountered a loss of protein during the extraction. This 
loss was caused by the fact that during thawing the vessel 
was kept in an inverted position, the thawed mixture 
dripping away, while on the surface of the ice a thick, 
creamy, yellowish material separated out and was dis- 
carded. Analyses of the serum before and after extraction, 
and of the ethereal extract, indicated that this creamy 
material must have contained both proteins (mostly globu- 
lins) and lipids. As a consequence the albumin-globulin ratio 
of the serum was altered after extraction. To avoid suck a 
loss of protein and thus alteration of the albumin-globulin 
ratio, in the present experiments the large centrifuge tube 
containing the frozen serum-ether mixture was immersed for 
the thawing in an upright position in cold water. The serum 
was centrifuged after thawing to obtain a better separation 
of the ether from the serum. A whitish fluffy material 
separated out, after centrifuging, between the serum and the 
ether; only the ethereal layer was siphoned off, the ‘fluffy’ 
material being left behind. The originally intensely milky 
serum became crystal clear after this process had been 
repeated five times and after the last centrifuging the 
serum-ether mixture separated into the clear serum and 
ether without the intermediate zone of ‘fluffy’ material, the 
latter apparently becoming redissolved in the serum. The 
ether remaining in the serum was removed by dialysis 
against several changes of buffer. After the ether was thus 
removed, because some dilution had taken place, the serum 
was concentrated first to its original volume by ultrafiltration 
and a sample taken for an osmometer and lipid analysis. 
As ample material was available the rest of the serum was 
further concentrated. 


Table 5 shows the lipid content of lipaemic serum 
no. 3 before and after ‘defatting’. This serum had 
the highest lipid content (4-17 g./100 ml. undiluted 
serum) of all the sera investigated. It can be seen 
that approximately nine-tenths of the total lipids 
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- from the lipid content of the serum before and after 
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Table 5. Lipid content of pooled lipaemic rabbit 
serum no. 3 before and after ‘defatting’ 


Before After 
‘defatting’ ‘defatting’ 


(mg./g. total serum protein) 


eS 


Neutral fat 28 0-65 

Phospholipids 112 59-00 
; F (free 85 None 

Calon cohat 253 1-50 

Fatty acids of cholesteryl 182 0-98 
esters 

Total lipid 660 62-00 


were extracted. Most of the remaining one-tenth is | 
accounted for by the phospholipids, of which only 
about one-half was removed. The ethereal extract 
(1-433 g.) was analyzed for the distribution of lipids 
and N content. From Table 6 it is evident that the 


Table 6. Theoretical and observed percentage dis- 
tribution of lipids in ether extract of lipaemic rabbit | 


serum no. 3 
Theoretical Observed | 


% of total extract) 
/O 
———__A—____—_., 








Non-phospholipid fatty acids 34-0 33-8 
(fatty acids derived from neu- 
tral fats and cholesteryl esters) 
Neutral fat glycerol 0-5 0-5* 
Phospholipids 9-3 9-1 
Free cholesterol 14-2 16-27 
Ester cholesterol 42-0 39-07 
100-0 98-6 






* Determined by the periodate method of Voris, Ellis & 
Maynard (1940). 

+ These observed values compared with the theoretical 
ones indicate that a hydrolysis of cholesteryl esters had 
taken place either during the extraction or while the ether 
extract was stored before the analysis. 









observed percentage distribution of lipids agreed 
very well, within the error of the methods used for 
analysis, with the theoretical distribution calculated 








‘defatting’. The N content of the ether extract was 
0-36 mg./100 mg. dry lipid extract; approximately 
50% of this small amount of N is accounted for by 
the phospholipids. This is in agreement with our 
previous finding that the amount of protein in such 
ethereal extracts is negligible. 

Fig. 5 (see continuous curves) shows the osmotic 
pressure-concentration curves of lipaemic serum 
no. 3 before and after ‘defatting’, the detailed data 
pertaining to these measurements being given in 
Table 7. At high protein concentrations the lipaemic 
serum had a slightly higher osmotic effect than after 
‘defatting’. The observed values of 7, (value of p/C 
at infinite dilution of protein), however, are the 
same, 1-923, before and after ‘defatting’ (see Fig. 6, 
continuous lines). Because the albumin-globulin 






















2 dis- 


rabbit | 


rved 


t) 
os 
8 


illis & 


‘etical 
s had 
ether 


rreed 
d for 
lated 
after 

was 
itely 
x by 

our 
such 


10tic 
rum 
data 
n in 
mic 
ifter 
‘ple 

the 
g. 6, 


ulin 





| 


Vol. 40 


ratio of the serum determined by the MgSO, method 
was the same after the extraction as before (X,= 
0-556), the theoretical value of z, is identical for this 
serum both in its lipaemic and extracted state, i.e. 
1:76. It is of special interest that the albumin- 
globulin ratio, determined by the MgSO, method, 
was the same before and after ‘defatting’, which 











Osmotic pressure (mm. of Hg at 0°) 











Protein concentration: for continuous curves g./100 ml. of 
solution (C’); for interrupted curve g./100 ml. of solvent (C,,) 


Fig. 5. Relationship between protein concentration and 
osmotic pressure of lipaemic rabbit serum no. 3 before 
(© and @) and after (A and ) ‘defatting’. Protein 
concentration is expressed as g. dry protein/100 ml. of 
solution (C) for © and A, and as g. dry protein/100 ml. 
of solvent (C,,) for @ and @. The data for the continuous 
curves have been calculated by the equation 

p=mC/(1 -—az,C) 
and for the interrupted curve by 
p’ =mC'[(L —a’mC,). 
It can be seen that when protein concentration is ex- 
pressed as g./100 ml. of solvent the observed osmotic 
pressures for both the lipaemic and ‘defatted’ serum fall 
on a single curve (III). 


indicates that this method is not influenced by the 
presence of even large amounts of lipids. It may be 
mentioned that, while this serum had a higher lipid 
content than lipaemic serum no. | or 2, its albumin- 
globulin ratio was intermediate between that of the 
two sera, and the value of the observed zp» for 
lipaemic serum no. 3 similarly occupied an inter- 
mediate position between those of lipaemic sera 
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nos. 1 and 2. These observations confirm our view 
that the colloid-osmotic effect of the lipaemic sera 
differed from that of the normal serum because of 
their different albumin-globulin ratios and not 
because of their different lipid contents. 

From Fig. 5 (continuous curves), however, it is 
evident that at high protein concentrations lipaemic 
serum no. 3 exerted a slightly lower osmotic pressure 
after ether extraction than before. Similarly it can 
be seen in Fig. 6 (continuous lines) that the values of 
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For continuous lines 1/7=C/p 
or interrupted line 1/7, =C,,/p 


KF 


0-32 





Protein concentration: for continuous lines g./100 ml. of 
solution (C); for interrupted line g./100 ml. of solvent (C,,) 


Fig. 6. Relationship between protein concentration, C and 
C,, and 1/z (=C/p) and 1/7, (=C,/p) for lipaemic rabbit 
serum no. 3 before (© and @) and after (A and 4) 
‘defatting’. © and A, 1/z plotted against C; @ and 4, 
1/7, plotted against C,,. The straight lines represent the 
equations: 

(1) 1/7 =0-520 —0-0284C; (II) 1/7 =0-520 —0-0255C; and 
(III) 1/7, =0-520 —0-0212C,. 


1/z (=C/p) obtained at high protein concentrations 
of the extracted serum were higher than those of the 
serum in its lipaemic state, but the straight lines 
representing the relationships between 1/7 and C 
converge with decreasing protein concentrations. It 
is apparent, therefore, that from the point of view 
of osmotic effect at high protein concentrations 
there is a difference between the serum in its lipaemic 
and extracted state. 

We sought to explain this difference and, as will 
be shown, it is due to the fact that in the lipaemic 
sera the lipids occupy a considerable volume and 
thus reduce the solvent available to the proteins, 
with the result that the effective concentration of 
the proteins is higher in the lipaemic than in the 
‘defatted’ serum. When the corrections for volume 
occupied by proteins and lipids in the solution are 
made and the concentrations of proteins expressed 
as g./100 ml. of solvent, instead of g./100 ml. of 
solution, the difference between the osmotic pres- 
sure-concentration curves of the lipaemic and ‘de- 
fatted’ sera is completely eliminated. 
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Table 7. Data for osmotic pressure measurements on pooled lipaemic rabbit serum no. 3 
before and after ‘defatting’ (see also Figs. 5, 6) 


Osmotic 
pressure 


Protein concentration 
ca oF 
Osmo- Cc 
meter (g./100 ml. 
no. of solution) 


Pp 
(mm. Hg 
at 0°) 


Cy 
(g./100 ml. 
of solvent) 


1/7 (=C/p) 


g. albumin 
g. total protein 
. (XQ) 
(by MgSO,) 


1/n, (=C,/p) 


(a) Serum before ‘defatting’ 


6-930 
5-830 
4-340 
3-315 
2-248 
1-117 


21 6-32 
22 5-39 
23 4-09 
24 3-17 
25 2-18 
26 1-10 


0-371 
0-400 
0-428 
0-452 
0-474 
0-492 


0-339 0-554* 
0-370 
0-403 
0-433 
0-458 
0-484 


(6) Serum after ‘defatting’ 


21-50 

16-77 

11-93 
8-28 
5-09 
2-454 


7-670 
6-410 
4-950 
3-676 
2-396 
1-212 


27 
28 
29 
36 
31 


32 


ho Oo Sm 


bo W Ol se bo 
SAIS SO 


0-357 
0-382 
0-415 
0-444 
0-471 
0-494 


0-336 
0-364 
0-399 
0-431 
0-462 
0-489 


* The difference between these two values is within the experimental error of the method, therefore in the calculation 
of theoretical z, for the serum before and after ‘defatting’ a mean value of 0-556 was taken for X,. 


The specific volumes of unfractionated serum 
proteins and lipids were determined on highly con- 
centrated sera (16-22% protein) as set out in 
section VI. We found the specific volume of the 
unfractionated proteins of rabbit and human serum, 
without water of hydration, to be 0-729 and 0-731 
respectively, and that of the serum lipids 0-996. Thus 
the volume occupied by 1 g. of dry protein+z2 g. 
lipids/g. protein (v,;) in the normal rabbit serum 
was 0-767, in lipaemic sera nos. 1 and 2, 1-074 and 
1-206, and in lipaemic serum no. 3, before and after 
‘defatting’, 1-386 and 0-791 ml. respectively. The 
corrected concentration of the proteins, C, (g. dry 
protein/100 ml. of solvent), was then calculated by 
the formula: 

100 
eT a 


(5) 


It follows that at finite protein concentrations 
p/C,<p/C and C,/p>C/p. The values of C, and 
1/7,(=C,/p) for the different sera are given in 
Tables 4 and 7 and the data for lipaemic serum no. 3 
before and after ‘defatting’ are illustrated in Figs. 5 
and 6 (interrupted curves). It can be seen from 
Fig. 5 that when the observed osmotic pressures of 
lipaemic serum no. 3 before and after ‘defatting’ 
are plotted against C, the points fall on a single 
curve. Similarly the values of 1/7, plotted against 
C’, are on the same straight line (see Fig. 6, inter- 
rupted line), which can be expressed by the equation: 


1/7, = 0-520—0-02130,. 


It follows that a’ (the limiting value of 7, when 
C,,— 0) is equal to 1-923= 7. 


IV. Osmotic pressure measurements on normal 
and lipaemic (nephrotic) human serum 


The relevant data «re presented in Tables 8 and 9 
and Figs. 7 and 8. The nephrotic serum, which con- 
tained about three times the quantity of lipids as 
the normal serum (cf. Table 8), exerted a much lower 
osmotic pressure than the normal serum; the 
observed z, for the former being 1-515 and for the 
latter 2-020. The albumin content of the nephrotic 
serum was 32-30 % of the total proteins (X , = 0-323), 
and that of the normal serum 68-50% (X,= 0-685). 
The theoretical value of z,, calculated by formula (4), 
is 1-439 for the lipaemic and 1-931 for the normal 
serum. 

We could not find, therefore, any evidence to sub- 
stantiate Macheboeuf’s statement that nephrotic 
sera exert a higher osmotic pressure/g. protein than 
do normal sera. It might be mentioned that we 
investigated also another nephrotic serum, with 
substantially the same results as those presented. 


V. Considerations of certain constants (m, Ky) of 
osmotic pressure measurements. The mean mole- 
cular weight of protein complexes of the sera 


It has already been stated that, within the range 
of protein concentrations employed in this in- 
vestigation, there is a linear relationship between 
1/7 (=C/p) and C, or between 1/7, (=C,/p) and C,, 
which can be expressed by the empirical equations: 


1/7=1/m)—aC, (6) 
1/2y= 1/79 —a’C,. (6a) 
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Table 8. Lipid content of human sera used for osmotic 
pressure measurements 


Nephrotic 
serum 


Normal 
serum 


(mg./g. total serum protein) 


Neutral fat 19-5 77-0 

Phospholipids 33-0 70-0 

free 53 23-5 

Cholesterol es 20-0 48-5 

Fatty acids of cholesteryl 14-4 34-9 
esters 

Total lipid 92-0 244-0 
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molecular weight of the protein mixture. It was 
thought, therefore, that an examination of a, as well 
as that of the product az)»=K,, might give infor- 
mation regarding differences between normal and 
lipaemic, and lipaemic and ‘defatted’ sera. 

In Table 10 values of a, 7), and K, are shown when 
protein concentration is expressed as g./100 ml. of 
solution and can be compared with the values of the 
same constants when protein concentration is ex- 
pressed as g./100 ml. of solvent (a’, 7)’, and K,’). It 
can be seen that in the first case the value of a 
increases with the increasing lipid content of the 


Table 9. Data for osmotic pressure measurements on normal and lipaemic human serum (see also Figs. 7, 8) 


Protein concentration Osmotic 7 
pressure __ ein _ 
Osmo- Cc bs p g. total protein 
meter (g./100 ml. (g./100 ml. (mm. Hg (X,) 
no. of solution) of solvent) at 0°) 1/m (=C/p) 1/2, (=C,/p) (by MgSO,) Uni 
(a) Normal human scrum 

33 7-237 7-695 24-35 0-297 0-316 0-685 0-823 
34 6-088 6-409 18-69 0-326 0-343 

35 5-211 5-444 14-91 0-349 0-365 

36 4-124 4-269 10-75 0-384 0-397 

37 2-675 2-737 6-36 0-421 0-430 

38 1-821 1-849 4-11 0-443 0-450 

39 0-905 0-912 1-96 0-462 0-465 

40 0-906 0-913 1-93 0-469 0-473 

(6) Lipaemic human serum 

41 5-720 6-057 12-09 0-473 0-501 0-323 0-975 
42 5-000 5-257 9-84 0-507 0-534 

43 4-700 4-926 8-95 0-525 0-550 

tt 3-200 3-302 5-72 0-559 0-577 

45 2-293 2-345 3-88 0-593 0-605 

46 1-450 1-471 2-36 0-615 0-623 

47 0-874 6-881 1-36 0-647 0-648 


The osmotic pressures (p and p’), pertaining to C or 


C, protein concentrations, can be obtained from 


(6) and (6a) by: 


= _ mC (7) 
1—az,C 
17 Cy 
d ‘=—___—_ 7 
an Pp io otentll (7a) 


Adair (1928) (cf. Adair & Robinson, 19306), deriving 
the same formula from van der Waals’ equation, 
obtained 


=o. (8) 


It follows that K,=az,. According to Adair & 
Robinson (19306), K, is a correction factor in the 
calculation of osmotic pressures which accounts for 
the ion pressure difference, interionic forces and 
volume occupied by the proteins (and lipids) in the 
solution. z, is a constant for a particular protein or 
protein mixtures defined by their molecular weight, 
its value being equal to 10R7'/M,,, if protein con- 
centration is expressed as g./100 ml., and M,, =mean 


serum, while the values for K, are variable. For 
lipaemic serum no. 3, K, had a value of 0-0546 before 
and 0-0489 after ‘defatting’ when protein concen- 
tration was expressed as g./100 ml. of solution. The 
difference in the value of this constant for the serum 
in its two states (although 7, was the same) explains 
the differences in osmotic pressures at high protein 
concentration (cf. formula (8)). 

When protein concentration is expressed as 
g./100 ml. of solvent, a’ has about the same value 
for all sera of the same species (rabbit 0-0203—0-0212; 
human 0-0236—0-0238). As was expected, K,’<K,, 
since K, is a factor accounting, among other things, 
for the volume of proteins and lipids. It should be 
pointed out that the specific volumes of proteins 
given in section IIT are those of the dry proteins, i.e. 
the water of hydration in the solution was not taken 
into account; the latter was regarded as part of the 
solvent. 

The values of K,, as already mentioned, were 
variable and showed no definite trend, while K,’ 
decreased with decreasing albumin content. We have 
calculated the values of a’ and K,’ for crystalline 


800 
horse serum albumin and unfractionated serum 
globulins from the data of Adair & Robinson (19306) 
a’=0-0240 and K,’=0-0569 for 


and obtained 

















Osmotic pressure (mm. Hg at 0°) 
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Protein concentration: for continuous curves g./100 ml. 
of solution (C); for interrupted curves g./100 ml. 
of solvent (C,,) 

Fig. 7. Relationship between protein concentration and 
osmotic pressure for normal (© and @) and nephrotic 
(A, and 4) human sera. © and /\, observed osmotic 
pressures plotted against C; @ and &, observed osmotic 
pressures plotted against C’,,. The data for the continuous 
curves have been calculated by the equation 

p=mC/(1 —am,C) 
and for the interrupted ones by 


p’ =n, C,/(1 -a’x,C,). 


albumin and a’ = 0-022 and K,’ = 0-022 for globulins. 
It is probable that for a mixture of albumin and 
globulins a value of K,’ intermediate between that 
for albumin and globulin would be obtained, as is the 
case with our sera. 

It is noteworthy that the value of 7,’ is equal to 
7, Within the experimental error, and therefore both 
methods (determination of either 7) or z»’) yield 
similar molecular weights if these are calculated 
from a modification of Van’t Hoff’s formula (Adair & 
Robinson, 19306) 

M = 10RT/75. (9) 
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The mean molecular weights of the protein com- 
plexes of our sera are given in Table 11. The deter- 
mined mean molecular weights of the serum proteins 
increased parallel with the rise in the percentage of 
serum globulins. 


0-68 























or interrupted lines: 1/7, (=C,/p) 





For continuous lines: 1/7 (=C/p) 














1 2 3 4 


Protein concentration: for continuous lines g./100 ml. 
of solution (C); for interrupted lines g./100 ml. 
of solvent (C’,) 


Fig. 8. Relationship between protein concentration, C and 

C,, and 1/7(=C/p) and 1/2, (=C,/p) for normal (© 
and @) and nephrotic (A and 4) human sera. © and A, 
1/z plotted against C; @ and @, 1/7, plotted against C,. 
The straight lines represent the equations: 

(1) 1/7=0-495—0-0280C; (Ia) 1/7, =0-495 —0-0236C,; 

(II) 1/7 =0-660 — 0-0304 C; and (IIa) 1/2, = 0-660 —0-0238C,,. 


VI. Determination of specific volumes of 
unfractionated serum proteins and lipids 


We wish to record our indebtedness to Mr G. 8. 
Adair, F.R.S., for his advice in connexion with these 
determinations. He has kindly communicated tous 
formulae from which the specific volumes of proteins 
in a buffered solution can be calculated. The 
derivation of these will be published by him. 

The following formulae were employed (Adair, 
1946): 

(10) 


V =0,Wy tUsWy t+ VpW ps 


where V represents the volume of solution (in ml.); 
V,»> UV, and v, the specific volumes of water, salts and 
proteins respectively ; and w,,, w, and w, the weight 
(in g.) of water, salts and proteins in volume V of 
solution. 

The specific volume of salts can be obtained by 


(11) 


Us= (1 oe, ks) /Pwater> 
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Table 10. Values of constants in osmotic pressure measurements (a, 7), and K,) at pH 6-8 and 0° 
when protein concentrations are expressed as g./100 ml. of solution and g./100 ml. of solvent 


Values of constants when 
protein cone. expressed 
as g./100 ml. of solution 


f ——.% 
Serum a co K, 

Normal rabbit serum 0-0238 2-14 0-0510 
Lipaemic serum no. | 0-0250 1-97 0-0493 
Lipaemic serum no. 2 0-0274 1-82 0-0499 
Lipaemic serum no. 3 before 0-0284 1-92 0-0546 
‘defatting’ 
Lipaemic serum no. 3 after 0-0255 1-92 0-0489 
‘defatting’ 
Normal human serum 0-0280 2-02 0-0566 
Nephrotic human serum 0-0304 1-52 0-0461 


Table 11. Determined mean molecular weights of 
unfractionated rabbit and human serum proteins, 
and percentage albumin and globulin contents of the 





sera 
Mean Albumin Globulin 
molecular ;o ae 
; of total proteins) 
weight (Yo I : 
Normal rabbit serum 79,700 67-5 32-5 
Lipaemic (no. 1 86,500 61-2 38-8 
rabbit no. 2 93,600 52-2 47-8 
sera (no. 3 88,600 55-6 44-4 
(before and 
after ‘defatting’) 
Normal human serum 84,400 68-5 31-5 
Nephrotic human serum 112,400 32:3 67-7 


where k, is the density increment of salts and is 
equal to (Pouster ie Pwater) Ww, ° 
We had to modify slightly formula (10) because of 
the presence of lipids in the sera: 
Vi =0yWy TV Wet pips (12) 
Ww) : 
where Vg =Uyt — v3; v, and w, being the specific 
D 


volume and weight of lipids in volume V of solution. 
With the aid of formula (12) only v,, can be deter- 
mined in one serum; for the calculation of both v, 
and v, two sera of different lipid content are neces- 
sary. 

The data required for such calculations are shown 
in Table 12. The sera were concentrated by ultra- 
filtration and then dialyzed at 0° against m/15 PO, 
buffer for 72 hr. Sufficient pressure was. applied 
to the membranes to maintain a constant volume of 
the protein solutions. The lipids were determined 
gravimetrically. Sodium and potassium were esti- 
mated after incineration of a sample of the protein 
solutions in a muffle furnace at 500°, the former by 
the method of Butler & Tuthill (1931) and the latter 
by the method of Salit (1940). All samples were 
measured by weight for the determinations and their 
volumes were calculated by dividing the weight 
(corr. as weight in vacuo) by the density of the 
solutions. 


Values of constants when 
protein conc. expressed 
as g./100 ml. of solvent 


g. albumin 
Theoretical g. total protein 





—, ——— value of (X,) 

a’ To K,’ To (by MgSO,) 
0-0206 2-13 0-0439 1-92 0-675 
0-0203 1-97 0-0400 1-83 0-612 
0-0208 1-82 0-0379 1-71 0-522 
0-0212 1-92 0-0408 1-76 0-556 
0-0212 1-92 0-0408 1-76 0-556 
0-0236 2-02 0-0477 1-93 0-685 
0-0238 1-52 0-0361 1-44 0-323 


With the aid of the data given in Table 12 we 
obtained for the normal rabbit serum: 


v,+0-0127v,=0-7412, (13) 
and for the lipaemic rabbit serum : 
v, + 0-3873v,= 1-1143. (14) 


By solving (13) and (14) for v, and v,, we found 
v,= 0-729 and v,= 0-996. From the data of the con- 
centrated human serum 


v, + 0-0608v, = 0-7923 (15) 


was obtained. Assuming that the specific volume of 
lipids in the human serum is equal to those in the 
rabbit sera, the specific volume of unfractionated 
human serum proteins is equal to 0-732. Pedersen 
(1945) reported specific volumes for human serum 
albumin 0-73,, for y-globulin 0-71,, for a pseudo- 
globulin 0-73,, and for euglobulin 0-733. 


Table 12. Composition of concentrated sera dialyzed 
against M/15 PO, buffer (m/30 KH,PO,+™M/30 
Na,HPO,), pH 6-8 


(Constituents expressed as g./100 ml. of solution at the 
temperature of the density determinations.) 


Lipaemic 
Normal rabbit Normal ; 
rabbit serum human wm/15 PO, 
serum no. 4 serum buffer 
Density (p) 10668 10514 1-0610 1-008] 


(at +1-0°) (at +0-5°) (at +0-6°) (at +1-0°) 
H,0 (w,,) 83-565 81-849 83-937 99-881 
Total solids 23-115 23-301 22-163 0-929 
Total N 3-421 2-604 3-138 ae 
Total protein 22-030 16-185 20-134 -- 
(wy) 

Total lipid (w,) 0-279 6-268 1-223 — 
Phospholipids 0-090 1-839 0-408 — 
Sodium 0-149 0-144 0-151 — 
Potassium 0-134 0-123 0-126 — 
H,PO, 0-523 0581 0-529 as 
Salts (w,) 0-806 0-848 0-806 0-929 
W/W, 0-0127 0-3873 0-0608 —- 


DISCUSSION 


We believe that the results presented prove con- 
clusively that the lipids do not exert an osmotic 
pressure. The experimental lipaemic sera contained 
such large quantities of lipids (3—4 g./100 ml.) as are 
rarely met with in man under pathological con- 
ditions. If any of the lipid fractions, especially 
cholesterol, as suggested by Rabinowitch (1930), 
exert an osmotic effect, it would have been detected 
with the technique employed. 

It is difficult to explain the discrepancy between 
our results and those of Macheboeuf (1929), Mache- 
boeuf & Sandor (1931), Fishberg (1929) and Rabino- 
witch (1930). The differences may be due to the 
technical difficulties of accurate osmotic pressure 
measurements on protein solutions and to difficulties 
of interpretation of results. Macheboeuf and 
Macheboeuf & Sandor did not measure osmotic 
pressures, but only the degree of dilution of sera 
which took place during dialysis. Such a method 
may be influenced by a number of factors other than 
true osmotic effects. Albumin-globulin ratios were 
not taken into account by the authors quoted. The 
comparisons of the osmotic pressures between 
normal and lipaemic sera were made by Fishberg 
(1929) and Rabinowitch (1930) at high protein con- 
centrations only. It was pointed out by Adair & 
Robinson (19306) that such comparisons might be 
very misleading owing to the ion pressure difference. 

It is possible, however, that the higher osmotic 
effects of lipaemic sera reported by Fishberg and by 
Rabinowitch were due to the ‘volume effect’ of the 
lipids which we observed with lipaemic rabbit serum 
no. 3 before and after ‘defatting’. It is evident, 
however, from Fig. 5 that the differetice between the 
osmotic pressure-concentration curves of the lipae- 
mic and ‘defatted’ serum is very slight and was 
produced with a very high concentration of lipids 
(4:17 g./100 ml. of the undiluted serum). Whether 
such an effect could be detected with the methods 
used by Fishberg, or by those of Rabinowitch cannot 
be judged. Ifthe lipids per se were active osmotically, 
from their molecular weights very high pressures 
would be expected as compared with proteins, but 
no such effects were observed. 

It is concluded, therefore, that any of the real 
differences (differences in values of 7») found among 
the osmotic pressures of the various sera were due to 
differences in their albumin-globulin ratios and that 
the lipids do not exert an osmotic pressure. In 
lipaemic sera, however, the lipids reduce the volume 
of solvent available to the proteins and thus increase 
their effective concentration. In such a case the 
correct way of expressing protein concentration is 
g./100 ml. of solvent. 

It seems justifiable to conclude also that the lipids 
in the serum are in only a loose combination 
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(physical adsorption?) with the proteins. It would 
be expected in the experiment with lipaemic serum 
no. 3 that the mean molecular weight, as determined 
by osmotic pressure measurements, should be lower 
after extraction of lipids, if the protein-lipid com- 
bination had been of a firmer, chemical nature. It 
can be seen from Table 11 that the mean molecular 
weight of the serum proteins was the same before 
and after ‘defatting’. 

The MgSO, method for the determination of 
albumin-globulin ratios of sera appears to be very 
reliable and it is not influenced by the presence of 
even pathological amounts of lipids. The electro- 
phoretic examination of this method showed that 
after saturation of the sera with MgSO, only the 
(?) «-globulin remained in solution together with 
albumin and that there was no precipitation of 
albumin with the globulins. Recently Moore, Levin 
& Smelser (1945) have shown that with the sodium 
sulphite method for the determination of albumin- 
globulin ratios considerable amounts of globulins 
remain in solution with albumin and large amounts 
of albumin are precipitated with the globulins. The 
albumin could not be removed from the globulins 
even after several reprecipitations of the latter. 

The albumin-globulin ratios obtained on normal 
rabbit sera by the MgSO, method agreed very closely 
with those obtained electrophoretically, while there 
was a wider discrepancy between the values obtained 
by the two methods on lipaemic sera. The indications 
are that the MgSO, method gives the more correct 
results for lipaemic sera. _ 

SUMMARY 

1. Electrophoretic examinations and osmotic 
pressure measurements were carried out on normal 
and lipaemic rabbit and human sera. 

2. Assessment of the MgSO, method, with the aid 
of electrophoresis, showed that the technique is 
reliable for the determination of albumin-globulin 
ratios in both normal and lipaemic sera. While the 
electrophoretic technique is seriously influenced by 
the presence of large amounts of lipids, saturation 
of normal and lipaemic sera with MgSO, effects an 
almost perfect partition of the proteins into albumin 
and globulins. 

3. The osmotic pressure measurements on normal 
and lipaemic rabbit and human sera proved that the 
lipids do not exert an osmotic pressure. The differ- 
ences found in the osmotic effects of the various sera 
could be accounted for by their different albumin- 
globulin ratios. 

4, The determined mean molecular weights of the 
serum protein complexes increased parallel with the 
rising globulin content of the sera. 

5. In lipaemic sera the lipids reduce the volume of 
solvent available to the proteins with the result that 
the effective concentration of the latter is increased. 
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In such a case the correct way of expressing protein 
concentration is g./100 ml. of solvent. 

6. The specific volumes of unfractionated rabbit 
and human serum proteins were found to be 0-729 
and 0-732 respectively, and that of the lipids 0-996. 

7. It is inferred that the lipids in the serum are 
at the most in only a loose combination (physical 
adsorption ?) with the proteins. 
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Adair, F.R.S., for his advice and help given generously in 
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Adair for the determination of phosphates in the concen- 
trated sera, which were used in the estimation of specific 
volumes of proteins and lipids. We wish to thank also 
Dr Evan Jones for the sample of the nephrotic human 
serum. 
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Biochemistry of Nitrification in Soil 


1. KINETICS OF, AND THE EFFECTS OF POISONS ON, SOIL NITRIFICATION, 
AS STUDIED BY A SOIL PERFUSION TECHNIQUE 


By H. LEES anv J. H. QUASTEL (with an Addendum by H. LEEs) 
Agricultural Research Council Unit of Soil Metabolism,* at Rothamsted Experimental Station, 
Harpenden, Herts 


(Received 14 February 1946) 


Nitrification is the process whereby nitrogen, in the 
form of the ammonium cation or in organic com- 
bination, is converted into the nitrate anion. Nitrifi- 
cation in soil has long been established as a biological 
process (Schloessing & Muntz, 1877, 1879), but some 
evidence that, under tropical conditions, a non- 
biological nitrification in soil may occur has recently 
accumulated. 

The pioneer work of Warington (1878, 1879, 1884) 
on culture studies of the nitrifying bacteria of soil 
culminated in the isolation of the nitrate-forming 


* Now at University College, Cathays Park, Cardiff. 
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bacteria by Frankland & Frankland (1890) and 
Warington (1891), and the isolation of both nitrite- 
forming bacteria and nitrite-oxidizing bacteria by 
Winogradsky (1890). Winogradsky suggested that 
the two forms of bacteria which he isolated co- 
operated in soil to produce the overall effect of nitrate 
formation from ammonium cation. All these workers 
found that inorganic media were suitable for culture 
of the organisms, and there is a fairly general agree- 
ment that the nitrifying organisms, while nitrifying, 
are autotrophic. Whether various forms of organic 
matter stimulate, inhibit, or leave unaffected, the 
organisms is a question that now has a vast literature 
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which cannot be adequately summarized here. There 
is a short but good review by Barritt (1933). We 
would, however, draw attention to the fact that the 
physical condition of the culture medium may 
modify the inhibition, if any, brought about by 
organic substances, e.g. Wimmer (1904) found pep- 
tone less inhibitory in sand than in solution cultures. 
Winogradsky (1931) drew attention to the fact that 
the data gained from a study of isolated soil bacteria 
have not been used to elucidate the details of nitrifi- 
cation processes in the soil itself. The apparent lack 
of interest in the study of nitrification in soil may 
have been due partly to the assumption that the 
organic components of soil would exercise a variety 
of indeterminable effects on nitrification, and partly 
to the lack of a suitable experimental technique for 
the study of the biochemical changes in soil. 

Stevens & Withers (1910) found that nitrification 
in soil differed in at least one important particular 
from nitrification in artificial culture (silica-gel 
media). Nitrification in soil was far less inhibited by 
added organic matter than was nitrification in the 
laboratory media (see also Wimmer, 1904). Nitrifi- 
cation both of cotton-seed meal and of ammonium 
sulphate took place much more rapidly in soil than 
in solution (Stevens & Withers, 1909). Soil con- 
ditions clearly greatly influence the rate of nitri- 
fication. 

Desai & Fazal-ud-Din (1937) have obtained 
evidence from culture experiments that nitrifying 
organisms can enter into a symbiosis with non- 
nitrifiers; this may be a factor influencing the 
behaviour of nitrifiers in soil. Allen & Bonazzi (1915) 
have shown that soil, even ignited soil, is a better 
medium than sand for supporting nitrification. It is 
not clear, however, from their results whether the 
effect of the ignited soil is due to its acid-neutralizing 
power. Boulanger & Massol (1903) found that nitrifi- 
cation in solutions spread over cinders was much 
faster than in a simple layer of solution. Porcelain 
and pumice were not as effective as cinders; sand and 
brick were almost inert. A number of workers, e.g. 
Albrecht & McCalla (1938), Conn & Conn (1940) and 
ZoBell (1943), have recently shown that the presence 
of colloids in culture media can influence bacterial 
behaviour, and doubtless some similar effect occurs 
in soil. Another factor to be considered in soil nitrifi- 
cation is the effect of variation in strain of the 
bacteria; for example, Pikorvska (1940) has shown 
that bacteria isolated from different soils have 
different nitrifying capacities. Cutler & Mukerji 
(1931) have obtained from Rothamsted soil four 
different strains of bacteria, all capable of oxidizing 
ammonium to nitrite, yet all stimulated by sucrose. 

It is to be expected that in soil, with its complex 
microflora and its special physico-chemical con- 
ditions, the kinetics, possibly even the mechanism, 
of nitrification, will differ materially from what takes 
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place in pure cultures of the nitrifiers. There can be 
no question of the great importance of studies of 
pure cultures of these organisms, especially for the 
investigation of intermediate metabolic products 
which are unstable in presence of a medium such as 
soil. Beesley (1914), for example, has shown the 
occurrence of hyponitrous acid during nitrification 
in flask culture, and this has been confirmed by 
Corbet (1935). But there is as yet no clear evidence 
of the formation of this substance during nitrif.- 
cation in soil. Meyerhof’s early studies (1916, 1917) 
on the respiratory activities of the nitrifying 
bacteria throw light on many factors influencing the 
metabolism of these organisms, and have to be 
borne in mind in the interpretation of the pheno- 
mena of soil nitrification. But for the study of the 
process of nitrification in soil it is essential to study 
the course of the events taking place in the soil 
itself, and to look upon the data obtained from the 
study of pure cultures as complementary to those 
found in the natural medium. 

There is now an immense literature of field experi- 
ments and pot experiments to show the effects of the 
addition of nitrogenous substances to soil. The litera- 
ture on the nitrification of organic material was fully 
reviewed by Whiting (1926) and has since greatly 
increased. Whiting considers the rapidity of nitrif- 
cation of the various types of nitrogen (water- 
soluble, easily hydrolyzable, total) and the influence 
on this of the carbon content of the nitrogen com- 
pounds. This knowledge can be made to be of con- 
siderable value to agriculturists who wish to know 
how quickly fertilizers will supply available nitrogen, 
but it does not go far in elucidating the processes by 
which the compounds are in fact nitrified. 

The available data on the behaviour of nitrifying 
bacteria in pure culture are fairly extensive. The 
relationship of nitrification to pH has been investi- 
gated by Meyerhof (1916, 1917) and Winogradsky 
(1933), both of whom found the optima to lie between 
pH 7 and 9, with a fairly rapid fall-off on each side. 
Meek & Lipman (1922) found, however, a far greater 
spread; they observed nitrifying activity in media 
with pH as low as 5 and as high as 13. These workers 
found that the pH-tolerance of the nitrifying 
bacteria varied with the pH of the soil from which 
they were isolated. Meyerhof (1916, 1917) investi- 
gated the optimum concentrations of ammonium 
and nitrite for Nitrosomonas oxidizing ammonium 
to nitrite, and for Nitrobacter oxidizing nitrite to 
nitrate. He found the optima to lie at 0-005 N- 
ammonium for Nitrosomonas, and 0-0072 n-nitrite 
for Nitrobacter. Free ammonia and excess nitrite 
both poisoned Nitrobacter. Warington (1879, 1891) 
and Winogradsky & Omeliansky (1902) had already 
shown inhibitive effects of ammonia on nitrate pro- 
duction. The optimum temperature for nitrification 
seems to depend on the prevailing climate, but for 
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strains isolated in temperate countries it is approxi- 
mately 25° (Tandon & Dhar, 1934). The effect of 
organic matter on the nitrifiers is still undecided. 
Barritt (1933) suggests the nitrifiers may represent a 
stage in the life cycle of heterotrophs. Winogradsky 
(1933) continued to maintain that they were strict 
autotrophs inhibited by organic matter. The general 
relations between the results obtained with culture 
experiments and those obtained in soil are obscure. 
Albrecht & McCalla (1937) summarized the position 
thus: ‘The conditions controlling nitrification in 
aqueous solution have been studied very specifically. 
Less definite controls and less refinement in methods 
have obtained for studies of this process within the 
soil. The complexity of a sand, silt and clay mixture, 
as soil, prohibits an accuracy great enough to en- 
compass all the various chemical aspects of so 
delicate a process as nitrification.’ 

The present work describes the results obtained 
with a new and direct technique for the study of 
nitrification in soil. This technique makes possible 
the study, within certain defined limits, of the nitrifi- 
cation process as it actually occurs in the soil. 

It is proposed in the following series of papers to 
describe experiments on the mode of transformation 
of nitrogen compounds into nitrate in soil. The soil is 
treated throughout the experiments as a biological 
whole, and the technique is such that metabolic 
events in the soil may be studied with greater 
accuracy than has been accomplished hitherto. In 
essence the attempt is made to study the metabolism 
of a soil as though it were a living tissue. Emphasis 
is placed on the changes brought about by the soil 
as a whole under defined experimental conditions, 
and care is taken that the soil itself is not interfered 
with throughout the experimental period. It is, of 
course, certain that many biological and chemical 
changes occur in the soil during the experiment; but 
so long as the technique employed gives accurately 
reproducible results, there is no a priori reason why 
particular aspects of metabolism should not be as 
amenable to exclusive study in soil as they are in 
isolated plant or animal tissues. The biological 
changes taking place in soil are a direct result of the 
initial chemical stimulus applied to the soil, and are 
as much a part of the over-all chemical change as the 
more easily identified metabolic changes themselves. 
The kinetics of a metabolic process in soil involve not 
only the kinetics of the catalytic changes taking 
place but also the kinetics of the biological changes 
undergone by the responsible cells. Experiments 
which will be described in this and subsequent papers 
show with what reproducibility the kinetics of these 
processes may be studied even in soils of different 
origins. They indicate that studies of many aspects 
of soil metabolism yield consistent results so long as 
there is adherence to the principle of treating soil as 
& biological whole. 


SOIL NITRIFICATION. I 


805 


PRELIMINARY INVESTIGATIONS 


The. method hitherto usually employed for the 
laboratory study of nitrification in soil is, in one 
form or another, the pot method. 


Quantities of soil are treated with substances under in- 
vestigation, brought to a suitable water content, and placed 
in containers (beakers, jars, test-tubes) where nitrification 
is allowed to proceed. Evaporation of water from the soil 
is detected by weighing the containers, and compensated by 
the addition of the requisite quantity of distilled water. 
Samples of soil are taken at intervals, shaken with some 
standard extractant, filtered or centrifuged; appropriate 
quantitative analyses can then be performed on the extract. 
The extractants in general use are strong salt solutions, often 
of low pH, which not only dissolve the soluble compounds in 
the soil but, by base-exchange with the soil colloids, bring 
into solution the cations (e.g. ammonium ions). 


Although this method is of great value for agro- 
nomic purposes, it is less suitable for a detailed 
biochemical study of nitrification in soil. 


(1) Only by actual mechanical displacement of soil 
solution can the cationic equilibrium established between soil 
solution and base-exchange complex of the soil be deter- 
mined. The use of an extractant automatically alters this 
equilibrium, and extract analyses can give only an inferential 
picture of the changes (if any) in equilibrium ancillary to soil 
metabolism. 

(2) Disturbances of soil by sampling will cause changes in 
soil aeration, and consequently in nitrification rate. 

It is difficult to replicate exactly all physical factors 
affecting nitrification, e.g. water evaporation, aeration, tem- 
perature, moisture content, ratio of soil volume to soil 
surface. 

(3) The physical condition of the soil in the pot is non- 
uniform and always changing. Water continually evaporates 
from the top of the soil, which is therefore always drier than 
the soil at the bottom. Attempts to compensate for this by 
the addition of water are liable to make the top of the soil 
temporarily wetter than the bottom. Since the water content 
of soil is known to affect the rate of nitrification, such changes 
inevitably introduce some variance into the results. This 
variance is partly compensated in that it occurs to a roughly 
similar extent in all containers, but its very existence com- 
plicates any attempt to standardize rates of nitrification. 
So many factors—air currents, atmospheric humidity, tem- 
perature, the shape of the container—may influence the 
evaporation of water from soil, that exact repetition of the 
conditions is difficult even in parallel experiments in the 
same laboratory. 


These drawbacks inspired a search for a method 
more suited to the biochemical study of nitrification 
in soil. One method that had obvious advantages 
was an adaptation of the ‘perfusion technique’, 
which has proved invaluable for the elucidation of 
the metabolic processes of isolated animal organs. If 
soil could be intermittently but frequently perfused 
with an aerated solution of nitrifiable material many 
of the difficulties inherent in the pot method would 
be circumvented. The soil would always be at the 
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same water content (just short of waterlogging); 
aeration of the whole of the soil would be maximal 
and automatic; samples of the perfusing fluid could 
be taken without disturbing the soil; and finally the 
cation distribution between soil solution and soil 
colloid could easily be determined by comparing the 
total quantity of a given cation known to be present 
in the system (soil and fluid) with the quantity found 
in the perfusing fluid itself. 

The practicability of the whole idea depended, 
however, on whether adequate nitrification could be 
obtained at water contents just short of water- 
logging. A number of workers, e.g. Schloessing & 
Muntz (1879), Deherain (1902), Traaen (1916), 


Stevens & Withers (1909), and Pikorvska (1940),. 


have shown that nitrification in soil is maximal at or 
near a soil-water content just short of waterlogging; 
but as a knowledge of the relation between soil- 
water content and nitrification rate was essential 
before the practicability of the perfusion technique 
could be assessed, the relation was established by 
test-tube experiments. These experiments were 
carried out as follows: 


Equal portions (usually 25 or 10 g.) of sieved air-dried soil 
were put into a number of boiling tubes. A quantity of 
ammonium sulphate (sufficient to provide more nitrogen 
than could be converted to nitrate during the experiment) 
was added to each tube followed by distilled water to yield 
the required water content. The tubes were weighed, plugged 
with cotton-wool, and set aside; loss of weight was com- 
pensated every other day and evaporation was thereby kept 
below 0-5 g. at any time. After 8 days the whole of each tube 
was extracted with n-K,SO, containing enough H,SO, to 
bring the pH of the extract to 1-0. The nitrate-N in the 
extract was determined by reduction. Two trials were con- 
ducted. In the first (a) 25 g. portions of sieved Rothamsted 
garden soil (4-0-0-5 mm. fraction) were treated with enough 
(NH,).SO, to supply 224 ng. ammonium-N/g. of soil; in the 
second (6) 10g. portions of the sieved garden soil (2-0- 
1-0 mm. fraction) were treated with enough (NH,),SO, to 
supply 200 ng. ammonium-N/g. of soil. Nitrification was 
allowed to proceed at room temperature. 


Table 1. The relation between soil-water and 
nitrification rate 


Nitrate-N Nitrification of 
formed/g. soil (NH,).SO, 
(ug-) (% 
33-5 
53-0 
90-5 
11-0 
13-0 
12-0 
52-5 
63-0 


Water content 
of soil 
(%) 

Exp. (a) 16 75 
27 119 

36 203 

42* 24 

48* 29 

§2* 27 

Exp. (6) 11 105 
20 126 

27 184 92-0 

33 170 85-0 

38* 16 8-0 

43* 2 1-0 


* Indicates that the soil was visibly waterlogged. 
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The results (Table 1) showed fairly clearly that 
good, even maximal, nitrification rates could be 
expected at soil-water contents such as would obtain 
if soil were perfused intermittently with aqueous 
solutions of nitrifiable materials. 


THE PERFUSION TECHNIQUE 


Our technique consists in perfusing a column of soil 
with oxygenated liquid by a circulatory process. The 
liquid, which contains in solution the substances the 
metabolism of which is being investigated, is made 
to percolate through the soil into a flask where it is 
mixed and aerated and whence it is made to drain 
again through the same soil. The process is con- 
tinuous and may be maintained for an indefinite 
period. The rate of perfusion is such that no water- 
logging takes place. The soil is left intact throughout 
the experiment and analyses are carried out on the 
soil perfusate. 


The process is accomplished in an apparatus, finally 
devised by one of us (H. L.), of which a full technical 
description is given in the Addendum to this paper. It has 
already been briefly described (Lees & Quastel, 1944). The 
apparatus, as we now use it, consists of a bank of identical 
units. In each unit a column of sieved soil (usually about 
50 g. of the 4-0-1-0 mm. fraction) is held in a vertical glass 
tube 1 in. in diameter by means of a glass-wool plug placed 
under the soil column. A small quantity of aerated fluid 
(containing metabolites) is mechanically taken from a 
reservoir and run on to the top of the soil column whence it 
percolates downward through the soil dissolving soluble 
substances on its way, and eventually returns to the reser- 
voir. When it has all returned a fresh quantity of automati- 
cally mixed and aerated reservoir fluid is run on to the top 
of the soil. Since these operations are automatically per- 
formed every few minutes the composition of the fluid in the 
reservoir is kept in close approximation to the composition 
of the fluid actually in contact with the soil. Those metabolic 
activities taking place in the soil, which cause changes in the 
composition of the fluid in contact with it, are therefore 
immediately reflected as changes in composition of the 
reservoir fluid, which can easily be sampled without dis- 
turbing the soil. Analyses of the soil perfusate in the 
reservoir can, therefore, be used to follow the metabolic 
activities of the undisturbed soil. 

The regular downward passage of small quantities of fluid 
through the soil largely ensures its adequate aeration because 
each small quantity of fluid drags after it a fresh supply of 
air. Adequate aeration of the soil is in any case ensured by 
means of a device that at intervals automatically slightly 
raises the air pressure above the soil and thus establishes a 
tendency for air to be driven down through it. By this 
means excess water is expelled from the soil concomitantly 
with preventing waterlogging. 


This apparatus, which has proved most successful 
in practice, has made possible a technique offering a 
number of advantages over the pot method. 


(1) The water content of the soil is kept constant and the 
water is homogeneously distributed in the soil throughout 
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the experiment. Variations of temperature within the soil 
are minimized by the continual waterflow through it. 

(2) The soil is undisturbed throughout the experiment. 

(3) Maximal aeration of the soil is effected. 

(4) Sampling is easy, only the perfusate being examined, 
and as far as one unit is concerned it suffers from no sampling 
variance because mixing of the perfusate, or soil solution, is 
adequately maintained. 

(5) Substances can be added to the soil solution in the course 
of an experiment and at any period corresponding to the 
known metabolic activity of the soil. Thus it is easy, without 
disturbing the soil, to add a poison, or bacterial inhibitor, 
to the soil solution at any phase of the soil metabolism. 

(6) Ionic equilibrium between soil and solution is quickly 
secured and maintained, except in so far as the equilibrium 
is disturbed by metabolic products of the soil. If the amount 
of ammonium ion in the system is calculable or known, a 
perfusate analysis for ammonia can be used for finding the 
amount of ammonium cation on the soil by simple differ- 
ence. We have used this method to determine the soil- 
perfusate distribution of ammonium ion during the course of 
experiments on nitrification. 

(7) Gases entering the apparatus can be controlled. Thus 
the air may be replaced by any gas or gas mixture. 

(8) The soil in the apparatus is capable of being isolated 
from aerial bacteria, etc. This would enable work to be 
carried out with control of the bacterial condition. 

(9) The soil solution can be replaced at any time by an 
entirely different solution or fluid, without physical dis- 
turbance of the soil. 

(10) The soil itself after perfusion for a known time can 
be examined either by analytical, microbiological, or other 
technique, the standardization of conditions securing repro- 
ducibility of results. 


The apparatus is cheap to make, and may be 
modified for specific purposes. Experiments with it 
can be carried out in the dark to prevent algal 
growth. We have used a battery of perfusion units 
(which can be darkened by black curtains) in a 
thermostatically maintained room kept at 70° F. 
The apparatus may obviously be used for the study, 
under optimal conditions, of aerobic metabolism or 
of the transformation of any substance, organic or 
inorganic, incorporated into the soil or perfused 


through it (Affdus, 1946). «- rst 


Lavdbe, (SE Ig 
The main disadvantages or shortcomings of the - 


apparatus as so far constituted are: 


(1) Removal of soil solution for analysis inevitably 
decreases the total volume of perfusate, and there is no 
corresponding decrease in amount of soil to compensate for 
this. The error can be reduced to a low value by removal of 
as small quantities as possible for analysis, and by having a 
large initial volume of perfusate. An experiment can be 
run, however, for any length of time if, in the calculation of 
the results, due regard be paid to the amounts of fluid 
removed from the apparatus. 

(2) The apparatus is suitable only for studies conducted 
at a soil-moisture content a little short of waterlogging. 
Whilst many microbial activities are rapid and optimal at 
this water content (aeration being also optimal), the im- 
possibility of working at any other water concentration is a 
drawback. . 
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On balance, the advantages of the perfusion 
technique for studying metabolism in soil far out- 
weigh its disadvantages, and this technique has been 
exclusively used in the work to be described. 

Preliminary experiments showed that a suitable 
weight of air-dried soil for each unit was 20-100 g., 
and that suitable volumes of perfusate were 200— 
300 ml. of 0-028—0-0071 N-ammonium salt solutions. 
If more soil was used nitrification was too rapid to be 
followed accurately, and if lower concentrations of 
ammonium salts were used the analyses of the per- 
fusates became too inaccurate. 


EXPERIMENTAL METHODS 


(1) Determination of ammonium-N 


A sample of 2 ml. containing 20-500 yg. ammonium-N was 
distilled with 1 ml. of 5 n-NaOH in a Markham (1942) micro- 
distillation apparatus. The receiver contained 2 ml. of 0-5% 
boric acid containing 40 ml./1. of Conway & O’Malley’s (1942) 
indicator. After about 10 ml. of distillate had been collected, 
the contents of the receiver were titrated in a stream of 
CO,-free air with n/70 sulphuric acid from a 1-0 ml. burette. 
The end-point was sharp and estimations were always 
repeatable to within 0-010 ml. (=1-0 y»g./ml. ammonium-N 
in the sample). 


(2) Determination of nitrite-N 


A sample (usually 1 ml.) containing 0-5-5-0 yg. nitrite-N 
was diluted to 11 ml., and 2 ml. mixed Griess-Ilosva reagent 
were added. After at least $ hr. the colour was read in a 
Spekker photoelectric absorptiometer fitted with blue filters 
(Hilger no. 6), and the nitrite-N content was obtained from 
the Spekker reading by means of a constantly checked 
standardization curve. 


(3) Determination of nitrate-N 


(a) Volumetric. This method is a modification of one 
suggested by Dr S. G. Heintze (personal communication). To 
3 ml. of the sample containing 20-500 yg. inorganic-N in a 
hard glass test-tube was added 0-15 g. iron and 3 ml. of 8% 
sulphuric acid; the tube was then placed in a beaker of water 


\ maintained at 70°. When the main effervescence had subsided, 


the tube was tightly closed with a rubber bung and the tube 
and beaker set aside overnight. The next day, 4 ml. of its 
contents were distilled in the Markham apparatus. The 
titration of the distillate was equivalent to the (nitrate + 
nitrite + ammonium)-N in 2 ml. of the original sample, from 
which value the nitrate-N could be determined by sub- 
traction of the (ammonium +nitrite)-N. A recovery of 
96-102 % of added nitrate-N can be relied upon, although 
complete recovery in presence of large quantities of nitrite-N 
(200 yg.) cannot always be obtained. As nitrite-N was never 
more than a few pg. in normal samples, this discrepancy did 
not usually affect the accuracy of the total-reducible-N 
determination. When the nitrite-N was sufficiently concen- 
trated to be a possible cause of inaccuracy it was removed 
from the sample by the addition of a crystal of potassium 
iodide in presence of sulphuric acid and bubbling with 
nitrogen. All nitrite-N could thus be removed. The iron was 
then added, and the mixture reduced in the normal way. 
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(b) Colorimetric. Where nitrate concentrations did not 
exceed about 50 pg./ml. nitrite-N we used almost exclusively, 
in later experiments, a method based upon the development 
of colour by treatment with phenoldisulphonic acid. A 
small sample, say 1-2 ml., of perfusate and an equal volume 
of 0-02 m-CuSO, are shaken in a conical centrifuge tube with 
a spatula-end (0-2-0-4 g.) of a mixture containing 33 % solid 
Ca(OH), and 66% MgCO,. The tube is shaken at intervals 
throughout the day and left to stand overnight. The next 
day the contents are centrifuged and a measured portion 
containing 10—100 yg. nitrate-N is evaporated to dryness in 
a 25 ml. volumetric flask with 0-2 ml. 6% H,O, (A.R.). The 
evaporation is best done in an electric oven at 110°. After 
the flasks have cooled, 1 ml. of phenoldisulphonic acid 
reagent (see Snell & Snell, 1936) is rapidly blown into each 
and swirled round to cover the deposit therein. The flasks are 
then set aside for } hr., after which about 10 ml. water and 
excess ammonia (sp.gr. 0-880) are added to each. The colour 
developed is proportional to (nitrate +nitrite)-N, and may 
be compared colorimetrically with that of a standard KNO, 
solution similarly treated. 


(4) Calculation of nitrate formation 


The results are usually expressed as pg. nitrate-N 
(or nitrite-N) formed/g. soil. They are obtained from 
the sample analyses in the following way. 


Suppose 100g. of soil are perfused with an initial volume of 
200 ml. of ammonium sulphate solution and 10 ml. samples 
yield the following nitrate concentrations at the indicated 
times: 


1 


0 


Duration of experiment in days 
Concentration of nitrate-N of 
perfusate (yg./ml.) 


Thus between 1 day and 3 days there is a rise in nitrate-N 
concentration of 20 ug./ml. occurring in 190 ml. solution (i.e. 
in the original 200 ml. minus the first 10 ml. sample). There- 
fore the total nitrate-N formation during this period is 
(20 x 190) ug. =38 yg./g. of soil. 

Similarly between 3 and 5 days the total nitrate-N formed 
is (180 x 50) pg. =90 yg./g. of soil. Therefore between 1 day 
and 5 days each gram of soil has formed (38 + 90) = 128 yg. 
nitrate-N. 


The figures of the first part of a typical experiment 
together with the appropriate calculations are given 
in Table 2. In this, as in all experiments, the nitrifi- 
cation is calculated as from the increase in nitrate 
concentration over that found on the first day. For 


Table 2. The calculation of 


Duration of experiment (days) ... 


Ammonium-N (yg./ml.) in perfusate 
Nitrite-N (ug./ml.) in perfusate 
Nitrate-N (ug./ml.) in perfusate 
Rise in nitrate-N during intervals be- 
tween sampling (yg./ml.) 
Volume in which nitrate-N 
developed (ml.) 
Nitrate-N increase during intervals be- 
tween sampling (mg.) 
Total nitrate-N formed from day 1 (mg.) 
Nitrate-N formed (yg./g. soil) 


rise was 
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the experiment detailed in Table 2, 30 g. allotment 
soil (sieved 1-0—4-0 mm.) were perfused with 200 ml. 
(initially) N/35 ammonium sulphate solution. Each 
sample taken from this solution was 10 ml. in 
volume. The whole unit was weighed before it was 
sampled, and any slight evaporation that was 
apparent was made up with distilled water 2 hr. 
before sampling; this has been a constant practice. 


KINETICS OF CONVERSION OF NHj INTO 
NO; BY PERFUSION OF AMMONIUM 
SALTS THROUGH SOIL 


Owing to the fact that the nitrate anion is not 
absorbed upon the soil surface, serial nitrate analyses 
of the perfusate can yield an accurate estimate of the 
rate of nitrate formation. 

A typical nitrification curve from an experiment 
in which 50g. air-dried Rothamsted garden soil 
(4-0-1-0 mm. fraction) was perfused at 70° F. with 
250 ml. N/140 ammonium sulphate solution is shown 
in Fig. 1. The curve has roughly the character of a 


80: 


a 
° 
a 
3s 
2 
& 
= 
o 
= 
a 
= 
~~ 
eh 
= 
= 
Z 
: 
o 
is 
3 
_ 
8 
= 
a 


Days 


Fig. 1. Variation of nitrate-N (ug./ml. perfusate) with time 
(in days) of perfusion. 


sigmoid curve whose midpoint (representing the 
most rapid rate of nitrification) falls at the point of 
half conversion of the total ammonia converted. The 
curve asymptotically approaches a nitrate value that 
represents about 80% conversion of ammonia into 
nitrate. The rest of the NH; has presumably been 
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synthesized into bacterial matter or insoluble (or 
strongly adsorbed) N compounds. 

The curve is similar to the sigmoid curves en- 
countered in bacterial proliferation studies and is of 
the kind to be expected if soil nitrification, under 
our experimental conditions, is brought about by 
cells that are proliferating. Table 3 shows the results 
of two perfusion experiments carried out with 30 
and 100 g. air-dried Rothamsted garden soil. 


Table 3. Perfusion of air-dried Rothamsted 
garden soil 


Time after 
start of Ammonium-N Nitrate-N 
perfusion in perfusate in perfusate Nitrate-N 
(days) (ug./mal.) (ug./ml.) (ug/g. soil) 
Exp. A. 30 g. soil perfused with 200 ml. n/30 (NH,).SO, 
1 267 4 — 
t 267 26 139 
6 242 54 309 
8 220 98 557 
11 186 166 866 
13 157 214 1156 
Exp. B. 100 g. soil perfused with 250 ml. n/50 (NH,),SO, 
1 100 32 _ 
4 77 105 175 
6 51 157 295 
8 22 228 451 
ll 1 253 503 


The results of four experiments on 100 g. soil per- 
fused with n/50 (NH,),SO, were as follows: nitrate- 
N (ug./g. soil) at the end of the period of maximum 
conversion of NH} to NO;; (1) 503, (2) 537, 
(3) 530, (4) 521. These results illustrate the repro- 
ducibility of end-results obtained by the soil-per- 
fusion technique. 

The logistic or autocatalytic sigmoid curve, 
typical of the course of soil nitrification, shown in 
Fig. 1, has already been found to apply to nitrifi- 
cation in solution (Pulley & Greaves, 1932; Miyake, 
1916). The curve has the equation 


y " 
log ae K(t—t,), 


where y=nitrate-N produced (yg./g. soil), 
A=asymptotic value approach by y, 
t=time from start of perfusion (days), 
t,=time when y= 4A, i.e. time of half completion, 
K =constant. 


The derivation of the equation is given by Miyake 
(1916); it is characteristic of an autocatalytic uni- 
molecular reaction, which expresses the fact that 
the velocity of such a reaction is at any instant pro- 
portional to the amount of material undergoing 
change and to the amount of material already trans- 
formed. Miyake applied the equation to the results 
of Lipman, Blair, Owen & McLean (1912) on soil 
ammonification and to those of Warington (1879) on 
nitrification. 
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Table 4 shows the combined results of four 
separate experiments in which 100 g. of an air-dried 


Table 4. Course of nitrification 


(Allotment soil (100 g.) perfused with 250ml. n/50 
ammonium sulphate solution. Limiting value for nitrate 
formation (A) =570 yg. nitrate-N/g. soil.) 


Duration of  Nitrate-N Duration of Nitrate-N 





exp. formed exp. formed _ 
(t, days) (y, wg-/g. soil) (t, days)  (y, wg./g. soil) 
3 82 a 233 
3 130 q 302 
4 175 8 451 
4 187 8 495 
5 194 10 530 
5 185 10 511 
6 295 11 503 
6 330 1] 537 
15 
1-0 
BS 0 
1 
SX 
3S 
50 
—65 
™ 5 10 
Days 
Fig. 2. Variation of log y/(A —y) with time (in days). 


Nitrate-N (yg./g. soil) 





0 5 i) 
Days 


Fig. 3. Variation of nitrate-N formation with time (in days). 
autocatalytic curve; — ——— experimental curve. 
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Rothamsted garden soil were perfused with 250 ml. 
Nn/50 (NH,),SO, solution. The curve obtained by 
plotting log y/(A—y) against ¢ is shown in Fig. 2, 
where the straight line drawn is fitted to the points 
by the method of least squares. It will be seen that 
the experimental values are closely distributed about 
this line. The fit of a logistic curve (having the K and 
t, found for the straight line in Fig. 2) to the un- 
biased freehand curve drawn to the results given in 
Table 4 is shown in Fig. 3. The fit is good except at 
the lower end of the curve, where inaccuracies in the 
nitrate-N estimations at the start of the perfusion 
experiment may be expected to occur. 


Table 5. Course of nitrification 


(Allotment soil (30g.) perfused with 200ml. N/35 
ammonium sulphate solution. Limiting value for nitrate 
formation (A) =2200 yg. nitrate-N/g. soil.) 


Nitrate-N 
exp. formed 
(t, days) (y, ug./g. soil) 
4 139 
+ 165 
5 260 
6 307 
j 351 
614 
488 


557 


Nitrate-N 
formed 
(y, ug-/g- soil) 
645 
948 
758 
866 
1120 
1497 
1156 
1430 


Duration of 
exp. 


(t, days) 


Duration of 


Nitrate-N (yg./g. soil) 


Days 


Fig. 4. Variation of nitrate-N formation with time (in days). 
—— autocatalytic curve; — — —— experimental curve. 


An equally good fit to an autocatalytic curve is 
found for points from experiments in which 30 g. 
Rothamsted garden soil were perfused with 200 ml. 
n/35 ammonium sulphate solution. These experi- 
ments were run only until the pH of the perfusate 
had fallen to pH 6-3 from an initial value of pH 7-4, 
nitrification being then about two-thirds complete. 
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It has been our standard practice to prevent, by 
suitable arrangement of the quantities of soil and 
perfusate, too great a pH fall (i.e. exceeding one 
unit) during the course of an experiment. The com. 
bined results of four experiments are shown in 
Table 5, and the relevant curves are shown in Fig. 4, 

The results demonstrate that the course of nitrifi- 
cation in soil under the given experimental con- 
ditions is of the kind to be expected on the assumption 
that nitrification is accomplished by organisms pro- 
liferating in the soil. 

The fact that these results can be shown to obey 
an expression deduced on the basis of bacterial 
multiplication and that this expression is identical 
with that found in the study of the nitrifying bacteria 
in pure culture, supports the conclusion that soil 
nitrification, under the given experimental con- 
ditions, is very largely or wholly a microbiological 
process. 


Oxidation of the nitrite ion in soil 


Since oxidation of NHj to NO; in soil is held 
to be a two-stage process, nitrite being an inter- 
mediate product, and since only traces of nitrite are 
normally found in nitrifying soils, it follows that the 
conversion of nitrite to nitrate should be appreciably 
faster than that of NH? to NO. It also follows 
that the speed of oxidation of NHj to NOj in soil 
is a measure of the speed of oxidation of NH; to 
NO. 

Perfusion experiments with sodium nitrite solu- 
tion have been carried out, with results which are 
shown in Table 6 and Fig. 5. In these experiments 
200 ml. sodium nitrite solution were perfused 
through 30 g. air-dried Rothamsted garden soil (4-0- 
1-0 mm.), the nitrite analyses being made (colori- 
metrically) on samples of the perfusate. Three 
different nitrite concentrations were used. The 
amount of nitrite finally oxidized was less than the 
amount of nitrite introduced because some nitrite 
was removed in sampling and some was possibly 
eliminated by anaerobic denitrification as suggested 
by Corbet & Wooldridge (1940). Table 6 and Fig. 5 
demonstrate that the speed of nitrite oxidation by 
soil, after a preliminary lag period, is extremely fast, 
so fast as to make it difficult to obtain an accurate 
measure of the velocity constant of the process. The 
speeds of nitrite oxidation after the initial lag periods 
as seen in Fig. 5 appear to be approximately parallel. 

An approximate calculation from the curves given 
in Fig. 5 for the velocity constant K of the logistic 
equation log [y/(A—y)]=K (t—t,), gives K=0-60 
for M/560 NaNO,. The velocity constant K for the 
process of nitrification of NH} has been found to be 
0-145 for M/35 (NH,).SO, (200 ml. perfused through 
30 g. soil) and 0-225 for m/50 (NH,),SO, (250 ml. 
perfused through 100 g. soil). 
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Table 6. The oxidation of sodium nitrite by 
30 g. garden soil 


Nitrite-N oxidized 


(ug-/g. soil) 
a 
Concentration of sodium nitrite Mm/560 M/140 M/35 
Nitrite-N added (yg./g. soil)... 167 667 2670 
Duration of exp. (days) 

2 0 0 0 

3 26 0 0 

4 66 0 0 

6 163 123 0 

7 — 276 0 

8 —- 425 0 

9 — 620 0 

ll — — 122 

13 — —- 790 

14 — —- 1450 

15 — — 2400 






of added NaNO, 
wr 
2 


Percentage oxidation 


oO 


2 4 6 8 10 12 14 


Days 


Fig. 5. Variations of rates of nitrite oxidation with time 
(in days) of perfusion fur various concentrations of NaNQ,. 


It is evident that the velocity of transformation of 
nitrite into nitrate is much greater than that of 
ammonium into nitrate under similar experimental 
conditions. 
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The kinetics of nitrite oxidation in soil under the 
given experimental conditions are those to be ex- 
pected if the oxidation is accomplished by cells that 
are proliferating, the speed of oxidation being large 
enough to explain the fact that during normal nitrifi- 
cation of ammonia little or no nitrite appears during 
the process. 


THE EFFECTS OF POISONS ON SOIL 
NITRIFICATION 


The effects of poisons were studied by adding these 
substances to the perfusion fluid at the start of the 
experiment and comparing the rate of formation of 
nitrate with that in a control experiment. 

Chloretone. At a concentration of 0-4 % chloretone 
(trichloroisobutanol) causes complete cessation of 
nitrification (see Table 7), and no nitrite is formed at 
this concentration. Chloretone is a useful inhibitor 
of metabolic changes in soil, for it is water soluble 
(to 0-4 %), of low volatility, contains no nitrogen and 
does not affect the ionic equilibria between soil and 
soil solution. Apparently it is only slowly changed 
in soil, but further experiments are required to be 
certain of this. 

Ethylurethane. At a concentration of 0-1% 
(0-011 m) ethylurethane suppresses at least 90% of 
the nitrification in soil (Table 7). Meyerhof (1916) 
has already shown that urethane powerfully in- 
hibits the metabolism of one of the isolated nitri- 
fying bacteria studied in absence of soil. He found 
that 0-016 m-ethylurethane inhibits the respiration 
of the nitrite-forming cells by 42%, whilst 0-11 m- 
ethylurethane inhibits the respiration of the nitrate 
formers (Nitrobacter) by only 4%. The inhibitory 
effect of ethylurethane on soil nitrification may be 
largely due to this suppression of the metabolism of 
the nitrite formers. The inhibitive effect of urethane 
on soil nitrification is reversible and may be removed 
by washing the soil (Table 8). 


Table 7. The effects of various poisons on nitrification in Rothamsted garden soil 


Exp. (1) 150 g. soil perfused with 250 ml. n/35 (NH,).SO, for 9 days. 

Exp. (2) 100 g. soil perfused with 250 ml. n/50 (NH,).SO, for 10 days. 
Exp. (3) 100 g. soil perfused with 250 ml. n/25 (NH,),SO, for 14 days. 
Exp. (4) 150 g. soil perfused with 250 ml. n/85 (NH,).SO, for 11 days. 


Exp. no. 
1 None 
0-011 m-Ethyl urethane 
2 None 


m/100-Cadmium sulphate 
m/25-Cadmium sulphate 


3 None 
m/250-Quinhydrone 
m/250-Catechol 


m/250-Sodium f-naphthoquinone-sulphonate 


4 None 
0-4% Chloretone 


Poison in perfusate 


Rise in nitrate-N 
concentration of 
perfusate (ug./ml.) 
266 
14 
230 
51 
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Quinones. The bacteriostatic action of certain 
quinones is well known and the inhibitions by hydro- 
quinone, catechol and f-napthoquinone-sulphonate 
of soil nitrification noted in Table 7 are not un- 
expected. 

Cadmium. Meyerhof (1916) has made an exten- 
sive study of the effect of metallic cations on the 
respiration of isolated nitrifying bacteria growing in 
a suitable culture media. We have studied the effects 
of a few cations on soil nitrification and observed the 
toxic action of cadmium (Table 7). 

Chlorate. This substance at a molar concen- 
tration of 10-> selectively suppresses the conversion 
in soil of NO, to NO;, so that when ammonium 
salts in presence of chlorate are perfused through 
soil, nitrite instead of nitrate accumulates. A full 
description of the effects of chlorate has already been 
given (Lees & Quastel, 1945). 


PERSISTENCE OF POISONS IN SOIL 


For these experiments 50g. portions of allotment soil in 
perfusion tubes were treated with 25 ml. (enough to saturate 
the soil) of a solution of a bacterial poison and the tubes left 
overnight. Control tubes were treated with 25 ml. distilled 
water. Next morning the soil in each tube was washed with 
15 separate lots of 25 ml. distilled water added at 5 intervals. 
Tests on the washings showed that this treatment had 
removed excess poison from the soil. The tubes, containing 
the washed poisoned soils, were then fitted into perfusion 
units and perfused with 200 ml. n/50-ammonium chloride 
solution. The nitrate accumulation in each perfusate was 
then followed by the usual analytical procedures. 


The results (Table 8) show the nitrate accumu- 
lation in each perfusate, measured when the un- 
poisoned (control) tubes had almost completed 
nitrification. The toxic effect of urethane on the 
nitrifying bacteria was eliminated by water-washing 
of the soil, whereas the toxic effect of quinhydrone 
was only partially alleviated under similar experi- 
mental conditions. The residual effect of cyanide was 
surprisingly high. Meyerhof (1916) noted that 
cyanide inhibits the respiration of nitrifiers, but such 
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inhibitions are usually reversible. The residual in- 
hibition of nitrification by formaldehyde is, within 
experimental error, complete. This result might have 
been expected from the well-known use of formal- 
dehyde as a soil-sterilizing agent. Hydroxylamine 
and hydrogen peroxide appear to have little or no 
residual effect. This negative result may be due to 
destruction of these substances by non-biological 
changes in the soil before their irreversible toxic 
effects could become operative. 


Table 8. The residual effects of poisons on nitrification 
of ammonium chloride by Rothamsted garden soil 


Duration of experiments, 14 days. Samples of 50 g. soil. 


Rise in nitrate-N 

Soil initially treated of perfusate 
with 25 ml. of (wg./ml.) 

Water (2 tubes) 257 (mean) 
m/10-Sodium cyanide 10 
m/250-Quinhydrone 63 
1% Formaldehyde 4 
m/250-Ethylurethane 257 
m/10-Hydroxylamine-HCl 238 
15% Hydrogen peroxide 212 


DISCUSSION 


The experimental results which have been quoted, 
both those bearing on the kinetics of oxidation in 
soil of NH} and NO, and those bearing on the 
effects of biological poisons on soil nitrification, make 
it clear that under the conditions obtaining in the 
perfusion apparatus, nitrification in soil is very 
largely, if not wholly, a biological process. Whilst 
this conclusion is entirely in accordance with that 
of previous workers, our results show that with the 
perfusion technique it is possible to study meta- 
bolism in soil with something of the accuracy obtain- 
able in investigations on plant and animal tissues. 

The next step is to obtain information on the 
conditions underlying the process of nitrification in 
soil. The investigation of these conditions will form 
the subject of a further paper. 


Addendum. A Soil Perfusion Apparatus 


By HH. 


The apparatus described embodies no new principle, 
but it provides in a cheap and simple form a means of 
complying with the essential needs. It consists of 
two parts: 


(1) The reciprocator (Fig. 6). This is a 300 ml. Buchner 
flask fitted with a bung and two tubes as shown. Tap water 
is run in steadily and slowly through the side arm via a 
capillary tube, so that the flask alternately fills up and then 
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rapidly empties by means of the siphon tube into a drain, as 
in the Soxhlet apparatus. The fill-up time is adjusted to 
about 3 min. At each cycle air is first slowly forced out and 
then rapidly sucked in. This alternating air-flow is used to 
drive the perfusion unit proper, shown in Fig. 7. 

(2) The perfusion unit (Fig. 7). Between 20 and 50g. of 
sieved soil is held in a glass tube, 10 x 1 in., by means of a 
glass-wool plug; a further plug on top of the soil minimizes 
puddling of the soil surface. (Earlier models took up to 
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200 g. soil, but this capacity was found not to be necessary.) 
The bottom end of the tube is fitted with a one-hole rubber 
bung into which is inserted the side arm of a T-piece, the 
main tube of which is continued vertically upwards for about 
10 in. to terminate in a wide mouth, and vertically down- 
wards through the bung of, and almost to the bottom of, a 
300 ml. Buchner reservoir. Through the other hole of the 
reservoir flask bung runs the water delivery or ‘lift’ tube, a 
straight piece of glass tube 16 in. long with a widened lower 
end. The upper end of this tube is jointed by rubber tubing 
toa bent 4 in. capillary (bore 1 mm.) which passes through 
one hole in the top bung of the soil tube. The other hole in this 
bung is occupied by a 6 in. piece of fine capillary communi- 
cating with the atmosphere. 


To drain 


Fig. 6. The reciprocator. 


At the start of an experiment the soil is saturated with 
part of a measured volume of the solution to be studied and 
the remainder of the solution (about 200 ml.) is put in the 
reservoir flask. The lift tube in the flask is then adjusted so 
that its wide end just touches the reservoir fluid (the rubber 
joint of the lift tube gives room for this adjustment) and the 
side-arm of the reservoir flask is connected with the air line 
of the reciprocator. The action is then as follows: 

(i) During the filling of the reciprocator. Owing to the 
inflow of air from the reciprocator the pressure in the 
reservoir flask rises and fluid is forced up the lift tube. The 
reservoir level is therefore gradually lowered until the lift 
tube breaks the surface. The fluid in the wide end of the lift 
tube immediately falls back into the main body of fluid in 
the reservoir, but a small column is held by surface tension in 
the narrow part of the tube. As the pressure is still main- 
tained the small column of fluid in the lift tube is driven 
upwards on to the top of the soil whence it commences to 
percolate through the soil and, in time, back into the 
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reservoir flask. Meanwhile as soon as the lift tube is free of 
fluid, air escapes into the atmosphere. But because both air 
outlets are capillaries the escape is not instantaneous and for 
a short time the air above the soil is at a higher pressure than 
atmospheric while the lower end of the soil column remains 
at atmospheric pressure. There is thus established above the 
soil a small transitory pressure of air. This pressure causes 
air to be gently forced through the soil which is thus cleared 
of water and aerated simultaneously, and this pressure is 
maintained until all the pressure built up by the reciprocator 
is released. Meanwhile fluid has been running through the 
soil and back into the reservoir flask and eventually enough 
fluid runs through to enable the bottom of the lift tube to 
touch the surface again, whereupon the whole cycle is re- 


Glass wool 


Main water 
feed from tap 





Fig. 7. The perfusion unit. 


established. Therefore, as long as air is supplied to the 
reservoir side arm, perfusion of the reservoir fluid takes 
place. 

(ii) During the emptying of the reciprocator. When the 
reciprocator begins to siphon, a suction is applied to the 
side arm of the reservoir flask whose internal pressure there- 
fore drops below atmospheric. Since the only relatively 
unhindered passage for outside air into the reservoir flask is 
through the immersed tube, air is drawn mainly through it, 
the reservoir fluid being thus mixed and aerated by bubbling. 
This bubbling and mixing continues until the reciprocator is 
empty, when the perfusion cycle recommences. 


Modification of the apparatus 


In order to widen its scope, the apparatus has 
been somewhat modified so that the incoming air 
can be freed of any constituent (say CO,) and any 
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constituent of the gases evolved by the soil easily 
measured. 


This modification consists in the fusion of the end of the 
free capillary and the upper end of the external aerator tube 
(see Fig. 7). At the point of fusion a common out-lead is 
taken; this out-lead is the only point at which gas is expelled 
from the apparatus. Air is forced into the apparatus through 
a bubbler capillary reaching to the bottom of the reservoir 
flask. A constant air pressure (the operative pressure for the 
perfusion action) is maintained down this capillary. In 
effect, therefore, the apparatus works just as the original one 
did, except that there is no suction phase; the aeration and 
mixing of the fluid being provided by the constant bubbling 
caused by the intake of air through the bubbler capillary. In 
practice air is not actually forced down the bubbler but in- 
stead suction is applied (by means of a water pump) to the 
point of fusion of the external tubes. The suction is reduced 
to and stabilized at 3 em. Hg for smooth operation. 

As the air flow is now unidirectional, the air entering the 
apparatus can easily be freed of any constituent and the 
composition of the outflowing air determined with equal 
ease. Gaseous products of soil metabolism can therefore be 
measured. 

A further modification at present under test is to 
use a diaphragm-pump apparatus to circulate gas 
from the outlet tube to the bubbler-capillary of the 
form of apparatus just described. It is hoped that by 
this means pure nitrogen may be circulated and true 
soil-anaerobiosis conveniently studied. 


SUMMARY 


1. A perfusion technique is described for the study 
of metabolism in soil. The advantages and short- 
comings of the technique are described. 

2. The kinetics of conversion of NH; to NO; in 
soil, by the perfusion technique are investigated. The 
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rate of formation of nitrate in soil follows the sigmoid 
curve given by the equation: 


log qay7Ktt-4, 


where y=nitrate-N produced/g. soil, 
A=asymptotic value reached by y, 
t= time (days) from start of perfusion, 
t,; =time when y= }4, 
K=constant. 


This expression may be deduced from the hypothesis 
that soil nitrification is entirely due to the activity 
of cells that are multiplying. 

3. The kinetics of conversion of NO, to NO; 
have also been studied. This oxidation proceeds 
much faster than that of NH} to NO; under similar 
experimental conditions. 

4. Anumber of poisons, known for their inhibitory 
effects on cell metabolism, greatly suppress soil 
nitrification. Chloretone (0-4 %) produces 100 % in- 
hibition. Ethylurethane (0-1 %) produces over 90% 
inhibition, the effect being reversible. Quinones are 
also effective poisons. The inhibitory effects of 
sodium cyanide, quinhydrone and formaldehyde are 
not quickly reversed by washing the soils after treat- 
ment with the poisons. 

5. All the facts support the conclusion that under 
the given experimental conditions the entire process 
of conversion of NHj{ to NO; in soil is accom- 
plished by micro-organisms. The kinetics of the 
process in soil may be studied by the perfusion 
technique with an accuracy approaching that 
obtained in the study of isolated animal or plant 
tissues. 
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Biochemistry of Nitrification in Soil 
2. THE SITE OF SOIL NITRIFICATION 


By H. LEES 


AND J. H. QUASTEL, Agricultural Research Council Unit of Soil Metabolism,* 


at Rothamsted Experimental Station, Harpenden, Herts 


(Received 14 February 1946) 


Chick, in her interesting paper (1906) on the study 
of nitrification with reference to sewage purification, 
states that it had been long upheld that a most im- 
portant preliminary to nitrification both in soil and 
in sewage filters was an absorption of NHj or 
ammonium salts on surfaces of soil particles or 
filtering medium. In the case of soil, a long contro- 
versy had taken place as to whether a physical or 
chemical process was involved, and the former view 
on the whole prevailed. Chick, however, concluded 
against an absorption theory, since nitrification took 
place in sewage filtering through coke, although no 
absorption of NHj took place on the coke. 

The problem of the site of nitrification in soil has 
not been seriously considered for many years, and it 
has been probably taken for granted that since 
nitrification takes place in isolated culture media, 
soil nitrification also occurs at the expense of NHj 
held in solution in the soil moisture. Albrecht & 
McCalla (1937), however, have obtained evidence 
that NH} held in the base-exchange complex of 
clay may be oxidized by bacteria, indicating that 
NH; need not be in the aqueous phase in order to be 
attacked by the nitrifying bacteria. McCalla (1941) 
has suggested that the bacteria themselves act as 
base-exchangers and can exchange cations with those 
taken up in base-exchange complexes (such as clay). 
This theory is a development of the recent views of 
Jenny & Overstreet (1940) who postulate a base- 
exchange between plant roots and soil complexes. 


* Now at University College, Cathays Park, Cardiff. 


Waksman, Renszer, Carey, Hotchkiss & Renn 
(1933), Peele (1936), Rubentschik, Roisin & Biel- 
jinsky (1936), Conn & Conn (1940) and ZoBell (1943) 
have all either shown that bacteria can be adsorbed 
on various surfaces or have investigated the effects 
of surfaces on bacterial activity. Waksman e¢ al. 
(1933), for example, found that nitrifying bacteria 
of the sea water in the Gulf of Maine were largely 
adsorbed on to bottom-mud. 

Little, however, has been done to determine 
whether nitrification as it occurs normally in soil 
takes place wholly or partly at soil surfaces, whether 
NH; in soil solution or adsorbed in the base-ex- 
change complexes of soil forms the actual substrate 
of the nitrifying bacteria in soil, or whether the 
kinetics of nitrification in soil are dependent on the 
physico-chemical conditions obtaining in soil. 

We have attempted to answer these questions by 
experiments carried out with the soil-perfusion 
technique described previously (Lees & Quastel, 
1946). The following paper describes the results 
obtained. 


EXPERIMENTAL 
Methods 
The analytical methods are fully described in our previous 
paper (Lees & Quastel, 1946). 
Soil solution 


The evidence shows that in comparison with the 
nitrification that takes place on the soil little nitrifi- 
cation takes place in the soil solution. This was 
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shown by aeration of perfusate taken from a rapidly 
nitrifying soil-perfusate system. Results of experi- 
ments carried out in slightly different ways are shown 
in Table 1. As the results in the tables show that 


Table 1. Nitrification in soil perfusates 


Exp. A. 50 g. soil were placed in each of four perfusion 
units. These were perfused with 200 ml. n/70-(NH,).SO, 
for 4 days at 70° F. After this period the soils were removed 
from two of the perfusion units. The other two units were 
left intact. Perfusion was then continued in all four units. 


pg. nitrate-N produced/ml. perfusate 





Days after ‘ 
removal 
of soil 
from two 
of the 


In apparatus 
where soil 
alone was 
removed 


In apparatus 
where soil 
was not 

removed 
perfusion — ’ fa A ~, 
units Exp. 1 Exp. 2 Exp. 3 Exp. 4 
0 42 42 40 42 
6 176 186 52 51 


Exp. B. Perfusates from rapidly nitrifying soils (nitrate- 
N increasing at the rate of 20 ug. N/ml. per day) were 
removed from the perfusion apparatus, and gently aerated 
at the same temperature (i.e. 70° F.). The rate of increase 
of nitrification was then estimated in this solution. 
Time in days 
(after start of Ammonium-N 
aeration of (ug./ml. (ug./mol. (ug./ml. 
perfusate) perfusate) perfusate) perfusate) 
0 28 1 156 
2 29 156 


Nitrite-N Nitrate-N 


1 
29 l 156 
1 


28 157 
nitrification does not take place at an appreciablerate 
in the solution present in a rapidly nitrifying soil, it 
is reasonable to deduce that nitrification is in some 
way connected with the soil surface. 

As it is clear that the presence of the soil itself is 
necessary if nitrification is to be appreciable, the 
question arises whether the soil surface acts merely 
as a mechanical support for the nitrifying bacteria 
held there, or whether the soil surface acts in a more 
specific manner. 

It will be shown that the soil surface acts in the 
nitrification process specifically by the supply of 
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NH}? held in base-exchange complexes, and that 
nitrification probably takes place at those sites on 
the soil surfaces where base-exchangeable NH} is 
located. If these conclusions are correct, the rate of 
soil nitrification is in part a function of the base. 
exchange capacity of the soil, and the process is 
restricted to specific sites of the soil surface. 


The effects of addition of calcium ions 


Preliminary experiments were carried out to see 
whether the addition of calcium ions to a perfusate 
containing ammonium sulphate would affect the rate 
of nitrification. If nitrification in soil takes place at 
the expense of adsorbed NHj in preference to that 
of the NHj in solution, then any treatment that 
reduces the amount of adsorbed NH}? in a soil- 
perfusate system should automatically reduce the 
rate of nitrification. The addition of calcium ions, 
by reducing the quantity of adsorbed NHj (by 
base-exchange), should therefore reduce the rate of 
nitrification. 

In the experiments whose results are recorded in 
Table 2, 100 g. lots of Rothamsted garden soil were 
perfused with 250 ml. lots of m/50 ammonium sul- 
phate solution containing various concentrations of 
CaCl,. It will be seen that as the calcium-ion con- 
centration is increased, the rate of nitrification is 
decreased. The velocity constant, K, calculated from 
the autocatalytic equation, which holds for soil 
nitrification (Lees & Quastel, 1946), falls from a value 
of 0-194 where no calcium was added to 0-136 in 
presence of m/25 CaCl,. The fraction of the total 
ammonium ions in the system adsorbed on the soil, 
expressed by the term r, also drops as would be 
expected from the exchange reaction between NH; 
and Ca++. It will be seen, however, that the ratio 
K/r is approximately constant, indicating that the 
rate of nitrification is proportional to the fraction of 
ammonium ions adsorbed on the soil. 

It is not possible to conclude from these experi- 
ments that nitrification in soil takes place at the 
expense of adsorbed NHj, because calcium ions are 
known to inhibit the rate of nitrification of isolated 
cultures of nitrifying bacteria (Meyerhof, 1917), and 
chloride ions also have inhibitory effects on the 


Table 2. The effect of calcium chloride on the rate of nitrification in a garden soil 


Cone. of calcium chloride in perfusate 
Duration of exp. (days) 

4 

6 
8 
11 
‘K’ calculated from the autocatalytic equation 
‘r’ (adsorbed ammonium/total ammonium) 


K/r 


Nitrate-N formed (yg./g. soil) 





mM/62-5 


180 
232 
287 
453 


0-165 
0-56 
0-295 
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metabolism of these bacteria (Hahn, Olsen & 
Roberts, 1942). While the inhibitory effects de- 
scribed by these authors are only considerable at 
relatively high concentrations of calcium chloride, 
it was felt that some attempt to repeat the experi- 
ments of Table 2 with lower concentrations of CaCl, 
might give results less open to question. The results 
given in Fig. 1, showing effects of perfusion of 30 g. 
air-dried garden soil with 200 ml. ammonium sul- 
phate (m/280), in presence of m/200-calcium chloride 
show a definite inhibitory effect of calcium chloride 
on the rate of nitrification at relatively low concen- 
tration. 






CaCl, absent 


80 


acl, (0-005 M ) 


40 


20 


Nitrate-N (yg./ml.) perfusate 


0 3 6 9 12 15 18 21 
Days 
Fig. 1. Rates of nitrification at 70° F. of M/280 ammonium 


sulphate solution by 30 g. soil in presence and absence of 
calcium chloride. 


It is obvious, however, that the experiments with 
calcium are not conclusive. The proof that nitrifi- 
cation in soil takes place only at the expense of the 
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adsorbed NHj comes from the following considera- 
tion and experiments. 


Ratio of adsorbed NHj to total NH{ 


The most direct way of studying the problem of 
whether the nitrifying bacteria metabolize adsorbed- 
ammonium cations or solution-ammonium cations 
is to compare the rates of nitrification in two per- 
fusion units each containing the same total am- 
monium ion but different proportions of adsorbed 
ammonium ion. If the adsorbed ammonium ions are 
preferentially nitrified, then a greater rate of nitrifi- 
cation should obtain in the unit containing the 
greater proportion of adsorbed ammonium ion. A 
prerequisite to the validity of this method, however, 
is that if (say) the first unit has, at the start of the ex- 
periment, a greater proportion of its total ammonium 
adsorbed on the soil than has the second unit, then 
this relation should continue throughout the experi- 
ment, i.e. at any given percentage completion of 
nitrification the first unit should always have a 
greater proportion of its ammonium adsorbed than 
has the second. The ‘adsorption ratio’ (r) expressed 
as 


ammonium-N adsorbed in the soil exchange-complex 





total ammonium-N in the system 
should remain constant. If this ratio does not 
remain constant then no direct correlation of 
adsorbed-ammonium with rate of nitrification will 
be possible. 

The adsorption ratio, r, has, however, been found 
by experiment to remain reasonably constant 
throughout a normal nitrification experiment. In 
Table 3 are shown the complete data for three 


Table 3. The adsorption ratio, r 


Ammonium-N adsorbed 


Weight of garden soil; 4-0-1-0 mm. 30 
fraction (g.) 

Initial vol. perfusate (ml.) 300 
Initial ammonium-N conc. of per- 280 


fusate (wg./ml.) 


Duration of exp. (days) 1 5 9 12 


Total (nitrate + ammonium)-N 280 268 256 247 
(ug./ml. perfusate) 

Ammonium-N in solution in per- 164 144 100 36 
fusate (zg./ml.) 

Rise in nitrate-N (ug./ml. per- 0 20 101 190 
fusate) 

Total ammonium-N available in 280 248 155 57 
system (ug./ml. perfusate) 

Ammonium-N adsorbed in soilex- 116 104 55 21 


change-complex (ug./ml. perfusate) 


0-41 0-42 0-36 0-37 


Adsorption ratio (r) 


in the soil exchange-complex 


Total ammonium-N in the system 


100 100 
250 250 
400 280 


14 1 4 6 8 10 1 4 6 8 ll 


241 400 391 385 379 373 280 271 265 259 250 
O 217 176 128 ~~ 65 0 100 79 S51 22 0 
241 0 61 151 241 373 0 76 133 206 250 
— 400 330 234 1388 — 280 195 132 53 — 
— 183 15% 106 7 — 180 116 81 31 — 
— 0-46 0-47 0-45 052 — 0-64 0-60 0-61 0:58 — 
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experiments from which adsorption ratios have been 
calculated as 
_f-N=A 
ae 
where 7'=total (ammonium and. nitrate)-N, ex- 
pressed as yg./ml. perfusate, i.e. = total 
inorganic N available, 
N =nitrate-N, pg./ml. perfusate, i.e. =nitri- 
fied ammonium-N, 
A=ammonium-N in solution in perfusate. 


> 


It is assumed that there is no adsorption of NO; on 
the soil. This expression is identical with 


ammonium-N adsorbed in soil exchange-complex 


total ammonium-N in system : 

If the nitrification process were always 100% effi- 
cient and were uncomplicated by other processes, 7’ 
would be constant from start to finish of any one 
experiment. In point of fact, however, 7’ falls 
slightly throughout a normal experiment because of 
utilization of soluble nitrogen by the various micro- 
organisms in the soil. In the calculation in Table 3 
it is therefore assumed that 7’ falls regularly from 
the pg./ml. perfusate ammonium-N added at the 
start to the ywg./ml. nitrate-N produced at the end. 
It will be seen from Table 3 that 7 remains reasonably 
constant throughout an experiment. The values of r 
are not accurately determinable very near the end 
of an experiment because the percentage accuracy of 
the ammonium-N determinations is not very high at 
very low ammonium-N concentrations. Neverthe- 
less, the r values of one experiment seem sufficiently 
close throughout to justify the conclusion that r does 
in fact remain constant. 


Relation between adsorbed NHj and nitrification rate 


The constancy of r throughout an experiment 
makes it possible to set up a series of perfusion units 
containing soils having different quantities of 
adsorbed NH} (but the same initial total NH), to 
study the rate of nitrification in each unit, and to 
correlate this rate with the quantity of the adsorbed 
NH;j. 

A technique for preparing the required series of 
units is described in the next paragraph. The 
description applies only to a pair of units, but a 
graded series may be prepared by adding a higher 
or a lower concentration of ammonium sulphate 
solution at the first stage. 

In the detached soil tubes of each of two units A and B 
50 g. soil were placed. On to the soil in tube A was placed 
25 ml. distilled water and on to the soil in tube B 25 ml. m/10 
ammonium sulphate solution. After about half-an-hour’s 
standing to allow some replacement of some of the cations in 
the soil-exchange complex by the ammonium ions in the 
added ammonium sulphate, the soils were washed at 5 min. 
intervals with 25 ml. lots of distilled water and the washings 





collected. After 15 washings the total ammonium washed 
out of each tube was estimated; in tube A of course it was 
negligible. The amount retained by the soil in tube B was 
calculated by subtracting the total ammonium-N washed 
out from the known quantity put in. The tubes were then 
assembled into their units. Tube B was perfused with 200 ml. 
distilled water and tube A with 200 ml. ammonium sulphate 
solution containing the same total ammonium-N as was 
retained initially on soil B. The whole operation from the 
start to finish including the time for ammonium analyses 
required not more than 3 hr. This period was clearly too 
short to allow the ammonium ions added to tube B markedly 
to stimulate the nitrifying bacteria therein, and one could 
therefore assume that the bacterial population of tubes A 
and B differed, at the start of perfusion, and of the experi- 
ment proper, by a degree no greater than was accountable for 
by soil-sampling variance. 

After perfusing overnight, the perfusates of the two units 
were sampled and their ammonium-N concentrations deter- 
mined. As the volumes of these perfusates were equal and 
known (200 ml. +the volume of water retained by the soil 
after washing), and as the total quantities of ammonium-N 
contained by the units were equal and known, it was possible 
to calculate how much ammonium-N was adsorbed in each 
unit and thence the adsorption ratio, r. On the basis of the 
results of Table 3, 7 was assumed to remain constant through- 
out the experiment after equilibration had been attained 
initially by overnight perfusion. 

Some of the added ammonium -N in unit A always enters 
by cation exchange into the base-exchange complex of the 
soil and as washing is never perfect, some ammonium-N yet 
remains in solution in unit B. Nevertheless, the equilibrium 
proportion of ammonium-N adsorbed in B is always higher 
than that adsorbed in A. Apart from this difference in the 
values of r, however, the only difference between the two 
units is that the total non-ammonium cation in B is slightly 
less than in A, some having been displaced by the initially 
added ammonium sulphate and removed in the washing 
process. 

The desired condition of having two units con- 
taining the same total ammonium-N at different 
levels of r is thus established, and if the adsorbed 
ammonium ions are preferentially nitrified, the soil 
in unit B should nitrify more rapidly than that in 
unit A. If, however, the solution ammonium ions 
are preferentially nitrified then the soil in unit A 
should nitrify more rapidly than that in unit B. 

In Table 4 are given the relevant figures from three 
different series of perfusion units prepared in the 
manner just described. The three series involved 
altogether fifteen different units each containing 
50g. of the allotment soil (4-0—1-0 mm. fraction). The 
perfusate of each unit was analyzed three times 
during each experiment. The following analyses 
were performed: 

(i) After overnight perfusion. The ammonium-N concen- 
trations of these initial samples were used to calculate the 
ratio, adsorbed ammonium-N/total ammonium-N (r), for 
each unit. 

(ii) After 8 days’ perfusion. The nitrate-N concentrations 
of these samples, after conversion to yg. nitrate-N formed/g. 
soil, were used to calculate the percentage nitrification of 
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Table 4. The relation between ammonium adsorption and rate of nitrification in a garden soil 


SOIL NITRIFICATION. II 


Ammonium-N 


Nitrate-N Nitrate-N formed after 8 days adsorbed in 
Ammonium-N finally co base-exchange 
added formed As As percentage complex 
(ug-/g. soil) (ug./g. soil) pg./g. soil of final value (% 
694 660 446 67-5 50-5 
694 679 504 74-0 62-0 
810 685 413 60-5 46-5 
810 675 474 70-0 57-5 
810 726 595 82-0 77-0 
783 730 435 59-5 47-0 
783 787 485 61-5 56-0 
783 770 563 73-0 62-0 
783 786 615 78-0 67-0 
720 641 402 62-5 48-5 
720 661 414 62-5 47-5 
720 649 468 72-0 55-0 
720 634 492 74-5 60-5 
720 661 469 71-0 58-0 
720 633 490 77-5 64-5 
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Square of coefficient of correlation between percentage ammonium adsorption and percentage nitrification at 8 days =0-83. 


Table 5. The relation between ammonium adsorption and rate of nitrification 
in a Kent (Romney Marsh) soil 


Ammonium-N 


Nitrate-N Nitrate-N formed after 7 days adsorbed in 
Ammonium-N finally = MM base-exchange 

added formed As As percentage complex 
(ug-/g. soil) (ug./g. soil) pg./g. soil of final value (%) 
1380 1322 628 47-5 37-5 
1380 1349 689 51-0 45-0 
1380 1353 716 53-0 52-5 
540 485 316 65-0 48-5 
540 472 336 71-0 64-0 
540 460 306 66-5 62-0 
540 497 355 71-5 68-0 
540 490 349 71-0 68-0 
1120 1108 516 46-5 47-0 
1120 1162 572 49-0 52-0 
1120 1124 582 52-0 53-0 
1120 1143 604 53-0 55-0 
1120 1135 594 52-5 54-0 


Square of coefficient of correlation between percentage ammonium adsorption and percentage nitrification at 7 days =0-68. 


ammonium sulphate. This value was not based on the 
ammonium-N initially added, but on the nitrate-N finally 
formed. The reasons for the adoption of this mode of ex- 
pressing percentage nitrification are discussed below. 

(iii) After 16-21 days when nitrification was complete. The 
nitrate-N concentrations of these samples, after conversion 
to yg. nitrate-N formed/g. soil, were used as bases for 
obtaining the percentage nitrification at 8 days. 

The choice of 8 days as a time at which to differentiate 
between the degrees of nitrification attained in the different 
units is based simply on experience. It has been found that 
at 8 days after the start of an experiment the difference 
between the percentages of nitrification in the different 
units of one series is at its greatest. After 8 days the differ- 
ence becomes smaller and smaller until finally, at the end of 
an experiment, all the units show the same degree of nitrifi- 
cation. The expression of nitrification at 8 days as the ‘ per- 
centage of final amount of nitrate-N formed’ rather than as 
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‘the percentage of initially added ammonium-N’ com- 
pensates for the effect of one nitrification unit containing 
slightly more ammonium-N at the start than another. It is 
experimentally impossible to obtain exact replication of the 
initial ammonium-N additions throughout one series of 
units because the original estimate of the small amount of 
ammonium-N retention from the large ammonium-N 
addition is not easy. Furthermore, the final efficiency of 
conversion of ammonium-N to nitrate-N is not 100%, nor 
can it be assumed to be absolutely constant from unit to 
unit. However, by expressing the percentage nitrification 
at 8 days as a percentage of the final nitrification the effects 
of these inter-unit variations is minimized, and the per- 
centage nitrification so expressed is a valid index of the 
relative speed of nitrification obtaining in each unit. 


Table 4 shows the fairly high correlation between 
‘percentage nitrification at 8 days’ and ‘percentage 
53 


820 


ammonium adsorption’ obtained experimentally. 
The correlation coefficient between the experimental 
values of these two expressions is +/0-83. Therefore 
only (1 — 0-83) = 17 % of the variance in one column 
of figures is not accountable for by parallel variance 
in the other. 

The same correlation has been found in similar 
experiments conducted on an arable clay loam from 
Kent (Romney Marsh). The experimental data for 
these experiments are given in Table 5. The Kent 
soil nitrified ammonium sulphate somewhat faster 
than did the garden soil; the operative nitrification 
percentages were therefore calculated on the basis of 
the amount of nitrification after 7 days, not 8 days. 
The correlation coefficient between the values for 
‘percentage nitrification at 7 days’ and the corre- 
sponding values for ‘percentage ammonium ad- 
sorption’ is 1/0-68. Therefore 32 % of the variance 
in one column is not accountable for by a parallel 
variance in the other. 
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The data contained in Tables 4 and 5 show that the 
rate of nitrification of a given quantity of ammonium 
sulphate by a given quantity of soil varies with the de- 
gree to which the ammonium ions of the ammonium 
sulphate are adsorbed into the soil base-exchange 
complex; the greater the adsorption, the faster the 
nitrification, or conversely, the greater the solution 
ammonium, the slower the nitrification. The most 
obvious explanation of these results is that the nitri- 
fying bacteria in soil preferentially oxidize the 
adsorbed NH}. 


Independence of the velocity of nitrification in soil 
of the concentration of solution ammonium ions. 
Effects of varying the volume of perfusate containing 
a constant quantity of ammonium ions. 


Soils were perfused with varying volumes of 
ammonium sulphate solution each containing 
initially the same total amount of NHj. Two soils 


Table 6. Rates of nitrification in soil perfused with various concentrations of NH; 


Exp. 1. Air-dried Rothamsted garden soil, 30 g. 


Perfusion units 


Volume of perfusate (ml.) 

Total ammonium-N initially present (mg.) 

Concentration ammonium-N initially present (yg./ml. 
perfusate) 

Concentration ammonium-N (yg./ml. perfusate) present 
at equilibrium (24 hr. from start of perfusion) 

Adsorption ratio (r)=fraction of total NH,+ adsorbed 
on soil 


Time (days) Nitrate-N (ug./ml. perfusate) 





from start 
of perfusion A C 


Trace 
2 2 4 
3 7 
5 12 
38 
50 
110 
190 


0 Trace 
9 


A B 
200 150 
20 20 
100 133 
56 74 
0-44 


Nitrate-N fornied (mg.) 


ee 


Exp. 2. Air-dried Romney Marsh soil, 40 g. 


Perfusion units 
Volume of perfusate (ml.) 
Total ammonium-N initially present (mg.) 
Concentration ammonium-N initially present (ug./ml. 
perfusate) 
Concentration ammonium-N (yg./ml. perfusate) at equili- 
brium (24 hr. from start of perfusion) 
Adsorption ratio (r)=fraction of total NH,+ adsorbed 
on soil 


Time (days) Nitrate-N (ug./ml. perfusate) 
from start - A 





of perfusion B 


0 
24 


A 
300 

30 
100 

62 


0-42 


Nitrate-N formed (mg.) 





B 
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were used, a Rothamsted garden soil and a Romney 
Marsh soil. 

The amounts of NHj adsorbed on the soils were 
estimated when ionic equilibrium between soil and 
perfusate had been established (i.e. about 24 hr. after 
the start of the perfusion). These figures, together 
with values of the volumes of perfusate etc. are 
shown in Table 6 (Exps. 1 and 2). In this table also 
will be seen the rates of formation of nitrate in the 
various perfusion units which were all run at 70° F. 

It is clear from these results that the rate of nitrifi- 
cation in either soil, expressed in terms of the total 
nitrate-N produced, is independent of the volume of 
the perfusate and of the concentration of NHj in the 
perfusate. The rates of nitrification in the three tubes 
of one experiment are approximately equal, and this 
fact is to be correlated with the observation (Table 6) 
that the fractions of total NHj adsorbed on the soil 
are also approximately equal. These results lead to 
the conclusion that the nitrification process is, other 
things being equal, dependent on the amount of 
NHj adsorbed upon the soil surface. 


The velocity of nitrification as a function of the 
base-exchange capacity of the soil system 


The previous findings all agree with the view that 
nitrification proceeds at the expense of adsorbed 
NHj in the soil and is a function of the total surface 
area on which NHj is adsorbed. The truth of this 
view can be checked in yet another way. The addition 
of sterile base-exchange material to the soil-per- 
fusate system (containing free NHj in the perfusate) 
should cause an increase in the rate of nitrification 
of the whole system by virtue of adsorbing more 
NHj and thus increasing the total surface area of 
adsorbed NH}. The nitrifying cells should spread by 
proliferation on to the new surface and attack the 
NH; adsorbed there. The addition of material 


having no base-exchange capacity should not in- 
crease the rate of nitrification since no extra ad- 
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Table 7. The effect of added base-exchange material on the rate of nitrification in soil 
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sorbed NHj is formed and no suitable surface for 
activity of the nitrifying bacteria is there presented. 

Experimentally some care is necessary in the 
choice of material to ensure that a positive result 
really is valid. It is essential that the sterile base- 
exchange material to be added should comply with 
the following conditions: 

(i) It must supply as little extra nutrient as possible to 
the perfusing fluid. This condition is necessary in order to 
minimize any effect the added material may have over and 
above its base-exchange effect. 

(ii) It must be sterile initially in order to avoid com- 
plications due to addition of extra micro-organisms. 

(iii) It must be non-toxic and capable of supporting 
bacterial proliferation. If this condition is not fulfilled the 
nitrifying bacteria may be unable to utilize the ammonium 
ions adsorbed by the added base-exchange material. 

All three conditions are admirably fulfilled by a 
non-fertile clay or sandy soil which has been auto- 
claved. For this reason two such soils were auto- 
claved for 2 hr. at 15 lb./sq.in. pressure, and used 
immediately after autoclaving as sterile base- 
exchange material. The soils were: 

(a) Soil from the unmanured plot on Barnfield, Rotham- 
sted Experimental Station. This is a heavy red clay of high 
base-exchange capacity; cropped but unmanured for a 
century. 

(b) Soil from Stackyard at Woburn Experimental Station, 
Beds. This is a poor sandy soil of medium base-exchange 
capacity. 

The questions at issue were: Will the addition of 
any of these sterile materials (Barnfield soil, Woburn 
soil, sand) to a nitrifying system increase the rate of 
nitrification of that system, and will the increase, if 
any, have any relation to the increase in adsorbed 
NHyj in the system? 

The experimental technique used to provide the 
answer to the questions was as follows: A given 
amount of allotment soil was mixed with about 
twice its weight of freshly autoclaved Barnfield or 
Woburn soil, or quartz sand, and the mixture per- 
fused with ammonium sulphate solution. The quartz 


AQ =autoclaved sand; AW =autoclaved Woburn Stackyard soil; AB =autoclaved Barnfield soil. 


Volume 
perfused 
Weight of Weight of (ml. n/35 
allotment addition ammonium 
soil (g.) Addition (g.) sulphate) 
30 — = 200 
30 AQ 70 200 
30 AW 70 200 
30 AB 70 200 
50 — — 250 
50 AW 100 250 
50 AQ 100 250 
30 — —- 250 
30 AB 70 250 


Nitrate-N 
formed in Nitrate-N 
r for Duration whole formed 
whole of exp. system divided 
system (days) (mg.) by 100r 
0-33 13 39 1-18 
0-33 13 37 1-12 
0-54 13 57 1-05 
0-64 13 76 1-19 
0-54 10 54 1-00 
0-69 10 78 1-13 
0-55 10 55 1-00 
0-36 12 45 1-25 
0-69 12 73 1-06 


r=ammonium-N adsorbed iv base-exchange complex/total ammonium-N in system. 


53-2 
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sand was used as a control material having (pre- 
sumably) no base-exchange capacity. The nitrifi- 
cation in a system containing one or other of these 
autoclaved additions was compared with the nitrifi- 
cation in a system containing the original weight of 
allotment soil alone, perfused with the same quantity 
of the ammonium sulphate solution. This comparison 
was made at a time when the nitrification in the unit 
containing the allotment soil alone was roughly half- 
completed. This period was chosen simply because, 
at this time, differences between different units are 
displayed most satisfactorily. The results of nine 
such experiments are given in Table 7. The results in 
this table are not amenable to exact mathematical 
treatment, because too many unknown factors are 
involved, e.g. the rate of movement of bacteria from 
the fresh soil on to the autoclaved addition, the 
suitability of the autoclaved surface as a bacterial 
nidus, the amount of chemical stimulation or in- 
hibition due to products from the autoclaved 
additions. Nevertheless with all known complica- 
tions reduced to a minimum, there remains a real 
correlation between the percentage ammonium-N 
initially adsorbed in a system and the degree of 
nitrification at the arbitrary time. The results of 
Table 7 show that sand neither increases the ad- 
sorption of ammonium ions nor increases the nitri- 
fication rate. Autoclaved Barnfield soil markedly 
increases the adsorption of ammonium ions and 
correspondingly increases the nitrification rate. 
Woburn soil falls midway between sand and Barn- 
field soil on both counts. This is what would be 
expected on the basis of the hypothesis that the 
nitrification takes place at the expense of adsorbed 
ammonium ions. Clearly other conditions must also 
influence the activities of the bacteria at the NHj 
receptor sites of the soils and these will be the subject 
of future investigations. 


Bacterial saturation of soils 


1t follows from the above conclusions that the 
nitrifying organisms will ultimately spread over the 
entire soil surface where NH} is adsorbed if other 
essential nutritional conditions are also satisfied at 
these surfaces. It would be expected that when this 
condition obtains and when there is an excess of 
NH; in the system, the rate of nitrification will 
become constant and proportional to the ‘base- 
exchange’ area covered by the bacteria. Experiment 
has verified this prediction. 

Six lots of 40 g. air-dried garden soil were perfused 
with 200 ml. of m/200-ammonium sulphate solution 
(28 mg. ammonium-N) until nitrification was com- 
plete. This took about 15 days at 70° F. The soils 
were washed with water to remove the nitrate 
formed during the nitrification and then reperfused 
with a total of 200 ml. ammonium sulphate solution 
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containing 20 mg. ammonium-N. The initial rate of 
nitrification and the subsequent rate on reperfusion 
are shown in Fig. 2. 


40 


Nitrate-N formed (mg.) 


1234 


Second nitrification 
on re-perfusion 
(mean of 6 exp.) 
(days) 


10 15 


First nitrification 
(days) 


Fig. 2. Nitrification of 200 ml. ammonium sulphate solution 
(containing 30 mg. ammonium-N) by 40 g. air-dried 
garden soil. 


The results show that the second rate of nitrifi- 
cation, during the perfusion of the soil enriched with 
nitrifying organisms, is constant. The initial lag 
period, typical of the course of nitrification in a fresh 
soil that has not been bacterially enriched by per- 
fusion, is absent. 

In another series of experiments, in which varying 
quantities of soil were used, estimations were made of 
the rates of nitrification, after preliminary enrich- 
ment of the soils by perfusion with ammonium sul- 
phate solution. The results are shown in Fig. 3; the 
subsequent rates of nitrification are linear and again 
there is no initial lag period. 


& 


> 


s 


Nitrate-N (,g.ml.) perfusate 


Second nitrification 
(mean of 2 exp.) 
(days) 


First nitrification 
(mean of 2) 
(days) 


Fig. 3. Nitrifications of 200 ml. NH,Cl (at 70 yg./ml. 
ammonium-N) on perfusion through three lots of soil 
(40, 20, 10 g.). 


It can be shown that the linear rates of nitrifi- 
cation are proportional to the adsorption ratios /, 
i.e. to the fractions of total NH} in the system which 
is adsorbed on the soil. The following experimental 
findings of Table 8 demonstrate this fact. 
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rate of Table 8. Relationship of nitrification rates to r 3. The addition of calcium ions to a perfusate 
‘fusion containing ammonium ions diminishes the rate of 

__ Batoot ; nitrification in soil. The rate of nitrification is 

subsequent Adsorption Rate of eee . . 
niteificetion ratio, r, niteifi- diminished in proportion to the amount of NHj 
Quantity (yg. nitrate-N/ determined cation displaced from the soil surface by base-exchange 

of soil ml. perfusate/ experi- divided with the Cat. 
(g-) day) mentally by r 4. The ratio of soil-adsorbed NH} to the total 
= . co > NHj in a soil-perfusate system remains approxi- 
40 22 0-63 35 mately constant throughout the course of nitrifi- 
cation. 
DISCUSSION 5. The rate of nitrification in soil is (a) proportional 
: [ to the fraction of the total NH{ which is adsorbed 
The results of all our experiments designed to test 4 eombined in the base-exchange complexes of the 
the view that nitrification in soil takes place at the soil, (b) apparently independent of the concentra- 
soil crumb surfaces strongly support the truth ofthis tion of NH} in the soil solution, and (c) increases 
hypothesis, and lead to the conclusion that the ith the amount of soil on which the NH} is 
nitrifying organisms necessarily carry on their meta- — , qgorbed. 

bolism at soil surfaces. Moreover, it becomes clear 6. The rate of nitrification in a soil is increased by 
that the rate of nitrification in soil is a function of the the addition of sterile soil, the amount of increase 
base-exchange capacity of the soil and that the being roughly proportional to the base-exchange 
lution | process is confined to specific areas of the soil sur- capacity of the added sterile soil. Addition of sand 
“dried | faces. : leads to no increase in the rate of nitrification. It is 
The results have led to the concept of bacterial ¢oncluded that the rate of nitrification in soil is a 

a saturation of soils and this concept has been used by function of the base-exchange capacity of a soil. 
itrif- | us in experiments designed to determine whether 7. These results are in harmony with the view that 
with } the same bacteria are responsible for the breakdown nitrifying bacteria nitrify on the surfaces of soils, 
| lag | of more than one substance in soil. in the vicinity of the receptor sites where NH} is 
fresh The results of these experiments will be givenin@  ombined or adsorbed. Conditions which lead to an 
per- | further paper. . increase or diminution of these receptor sites like- 

3 SUMMARY wise lead to an increase or diminution of the rate of 
ying 1. When nitrification takes place in soil perfused nitrification. 
de of with solutions of ammonium sulphate, little or no 8. Soils which have been enriched with nitrifying 
rich- | nitrification takes place in the perfusate or soil bacteria by preliminary perfusion with ammonium 

sul- | solution. sulphate solutions show, subsequently, linear courses 
the 2. Nitrification in soil takes place wholly at the of nitrification. Such soils are termed bacteria- 
gain | soil surfaces. It occurs at those areas of the soil saturated soils and they do not show the familiar 

surface where NH} is combined or adsorbed. time lag of a bacterial proliferation curve. 
10g. 
7 REFERENCES 
Albrecht, W. A. & McCalla, T. M. (1937). Proc. Soil Sci. McCalla, J. M. (1941). Proc. Soil Sci. Soc. Amer. 6, 
Soc. Amer. 2, 263. 165. 
Conn, H. J. & Conn, J. E. (1940). J. Bact. 39, 99. Meyerhof, O. (1917). Pfliig. Arch. ges. Physiol. 166, 262. 
Chick, H. (1906). Proc. Roy. Soc. B, 77, 243-66. Peele, T. C. (1936). Mem. Cornell agric. Exp. Sta. no. 197. 
Hahn, B. E., Olsen, F. R. & Roberts, J. L. (1942). Soil Sci. Rubentschik, L., Roisin, M. B. & Bieljinsky, F. M. (1936). 
- 54, 113. J. Bact. 32, 11. 
Jenny, H. & Overstreet, R. (1940). Proc. Soil Sci. Soc. Waksman,S. A., Renszer, H. W., Carey, C. L., Hotchkiss, M. 
Amer. 4, 125. & Renn, C. E. (1933). Biol. Bull. Woods Hole, 64, 183. 

: Lees, H. & Quastel, J. H. (1946). Biochem. J. 40, 803. ZoBell, C. E. (1943). J. Bact. 46, 39. 

mil. 
soil 
ifi- 

f 
ich 





Biochemistry of Nitrification in Soil 
3. NITRIFICATION OF VARIOUS ORGANIC NITROGEN COMPOUNDS 


By H. LEES anp J. H. QUASTEL, Agricultural Research Council Unit of Soil Metabolism,* 
at Rothamsted Experimental Station, Harpenden, Herts 


(Received 14 February 1946) 


It has been established (Lees & Quastel, 19466) that 
nitrification of ammonium salts in soil takes place at 
the soil surface, at the expense of NHj combined or 
adsorbed in the form of a base-exchange complex. It 
has also been shown (Lees & Quastel, 19466) that the 
course of nitrate formation which is autocatalytic in 
freshly obtained air-dried soil becomes linear, and 
shows no ‘lag’, when such soils are enriched or 
saturated with nitrifying bacteria by preliminary 
perfusion of the soil with ammonium salts. 

Obviously if a soil with nitrifying bacteria converts 
NHj at an immediate linear rate into NO;, it will 
also convert any other nitrogen compound (say X) 
into NO; at an immediate linear rate, if the nitri- 
fying bacteria are themselves immediately capable 
of transforming X into NH} or NO;. On the other 
hand, if these bacteria cannot accomplish the trans- 
formation of X into NHj (or directly into NO;), 
conversion of X into NO; must await the prolifera- 
tion of new cells capable of changing X into NHj 
(which will then be attacked by the nitrifying 
bacteria) or directly into NO. 

Thus to solve the problem whether X is trans- 
formed in soil into NHj or NO; by nitrifying 
bacteria, the experimental procedure would be to 
perfuse a soil saturated with nitrifying bacteria. 
Such a soil should give an immediate linear rate 
of transformation of NHj into NO;. If the con- 
version of X to NO; is immediately linear, this 
will be good evidence that the nitrifying bacteria 
are themselves capable of transforming X to NO;. 
If the rate, however, is autocatalytic exhibiting the 
typical lag phase of bacterial proliferation curves 
this may be taken as evidence that the nitrifying 
bacteria do not directly accomplish the conversion 
of X into NHj (or NO;), and that a new organism 
must first develop which can bring about the initial 
preliminary breakdown of X. An alternative ex- 
planation is that the autocatalytic curve expresses 
the rate of formation in the nitrifying bacteria of 
adaptive enzymes capable of attacking the sub- 
strate X. Such an explanation would be, however, at 
present highly speculative; we propose not to con- 
sider it until direct evidence is forthcoming for the 
existence in nitrifying bacteria of such adaptive 
enzymes. 

* Now at University College, Cathays Park, Cardiff. 


By means of the perfusion technique (Lees & 
Quastel, 1946 a) experiments on these lines have been 
carried out to determine whether nitrifying bacteria 
in soil can themselves attack substrates other than 
NH}. The substrates examined have been aliphatic 
amines, hydroxylamine, hydrazine, guanidine, pyru- 
vic-oxime, glycine and urea. Experiments have also 
been carried out to determine whether some of these 
substances interfere with the conversion of NHj 
into NO;. 


EXPERIMENTAL 
Technique 


The general experimental procedure has been first to perfuse 
at 70°F. 40 g. sieved (4-0-1-0 mm.) air-dried Romney 
Marsh soil with 200 ml. ammonium chloride or ammonium 
sulphate solution containing about 70 ng. ammonium-N/nl. 
until nitrification was just complete. This took between 10 
and 15 days. The soil was then washed with water to remove 
all NO,~ and reperfused at 70° F. with 200 ml. water con- 
taining either ammonium chloride (or sulphate) or the sub- 
stance under investigation, each at a concentration of 50 
or 70 yg. N/ml. All experiments were done at least in 
duplicate; those with urea were repeated six times. Nitrate 
estimations were made according to the colorimetric method 
already described (Lees & Quastel, 1946a), where all details 
of the perfusion technique will also be found. 


Nitrification of aliphatic amines 


The following amines have been investigated: 
methylamine hydrochloride, trimethylamine hydro- 
chloride, and tetramethylammonium chloride. The 
experimental results are shown in Tables 1 and 5. It 
will be seen that in a bacteria-saturated soil which 
gives an immediate linear rate of transformation of 
NH} into NO;, the rates of conversion of all the 
amines into NO; exhibit lag periods (see Fig. 1). 
The ammonium chloride is fully nitrified in 2 days; 
but methylamine and trimethylamine each require 
over 5 days for complete nitrification, and tetra- 
methylammonium chloride requires at least 8 days. 
The results show that although these amines are 
completely nitrified by the soil, they must undergo 
preliminary change by soil organisms other than 
nitrifiers before attack by the nitrifiers can take 
place. 

Omeliansky (1899) has shown that methylamine 
and dimethylamine cannot serve as nutrient sources 





Ig4h 


ees & 
e been 
cteria 
* than 
rhatic 


erfuse 
mney 
onium 
N/ml. 
en 10 
move 
' con- 
» sub- 
of 50 
st in 
trate 
thod 
tails 


ne 


Vol. 40 


of N for isolated nitrifying bacteria. Meyerhof (1916) 
later showed that methylamine, trimethylamine and 
tetramethylammonium chloride at concentrations of 
0-005 m (i.e. 70 ug.N/ml.) inhibit the respiration of 
isolated nitrifying bacteria (Nitrosomonas) by 30, 50 
and 12% respectively. 


Table 1. Nitrification of mono- and trimethylamine 
hydrochlorides by bacteria-saturated soil 


(Initial stimulating perfusate: 200 ml. NH,Cl, containing 
70 pg. ammonium-N/ml., perfused until nitrification was 
almost complete. Second perfusate: 200 ml. solution of 
amines or NH,Cl at concentration of 70 ng. N/ml.) 


Rates of nitrate formed 
during second perfusion : 
Nitrate-N formed (ug./ml.; 
max. possible = 70) 


eo-c . —_—_  eeeF 
Days ... 1 2 3 a 7 
NH,Cl 36 68 69 69 69 68 
Monomethylamine-HCl 0 0 9 5 6 60 
Trimethylamine-HCl 0 -0 22 59 59 61 


Methylamine HCl 





Nitrate-N (ug./ml.) 


Days 


Fig. 1. Relative rates of nitrification of ammonium chloride 
(0-005 m) and of methylamine hydrochloride (0-005 ). 


Nitrification of urea, glycine and guanidine 


Urea. Urea is nitrified very rapidly by soil 
saturated with nitrifying bacteria. The combined 
results of six experiments are given in Tables 2 and 3. 
The rate of transformation of urea into NO; ex- 
hibits, however, a definite time lag under conditions 
where the rate of transformation of NHj to NO; 
follows an immediate linear course. Our conclusion 
is that urea is not converted in soil into NHf by the 
nitrifiers. The preliminary decomposition is pre- 
sumably accomplished either by other soil organisms, 
or by non-biological means. 

Glycine. Glycine is also nitrified very quickly by a 
soil saturated with nitrifying bacteria (see Table 2). 
The time lag in the curve of conversion of glycine into 
NO, is, however, even more marked than that in the 
corresponding curve with urea. Glycine is therefore 
not directly attacked by the nitrifying bacteria. The 
preliminary decomposition necessary before nitrifi- 
cation is presumably accomplished either by other 
soil organisms or by non-biological means. 

Guanidine. Guanidine carbonate is nitrified only 
very slowly by a soil saturated with nitrifying 
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bacteria (see Tables 2 and 4). Under conditions 
where ammonium sulphate is completely nitrified in 
2 days, and urea and glycine in 3 days, guanidine at 
equivalent concentrations of N is not fully nitrified 
in 16 days. 


Table 2. Nitrification of urea, glycine and guanidine 
by bacteria-saturated soils 


(Initial stimulating perfusate: 200 ml. ammonium sul- 
phate solution, containing 70 ug. ammonium-N/ml., were 
perfused till nitrification was almost complete. Second 
perfusate: 200 ml. of ammonium sulphate, urea, glycine, or 
guanidine solution, each at a concentration of 50 ug. N/ml.) 


Rates of nitrate formed during 
second perfusion: 
Nitrate-N formed (yg./ml.; 
max. possible = 50) 


ane ta 

Dem .. I 2 3.8. & BK. 
Ammonium sulphate 25 50 52 57 — — — — 
Urea 15 4 52 53 — — — — 
Glycine 4 32 52 500 — — — — 


Guanidine carbonate 6 6 6 11 18 20 40 40 


Table 3. Nitrification of urea and sodium nitrite 
by bacteria-saturated soils 


(Initial stimulating perfusate: 200 ml. NH,Cl containing 
70 pg. ammonium-N/ml. were perfused until nitrification 
was almost complete. Second perfusate: 200ml. of 
ammonium chloride, urea, or sodium nitrite solution at 
concentrations of 70 ug. N/ml.) 


Rates of nitrate formation during 
second perfusion : 
Nitrate-N formed (yg./ml.; 
max. possible =70) 


cH" 
Days... 1 2 3 
NH,Cl 34 68 70 
NaNO, 45 70 70 
Urea 21 50 68 


An experiment was carried out to show whether 
guanidine inhibits nitrification of NH;. A known 
quantity of NHj plus guanidine carbonate was 
perfused through a nitrifier-enriched soil and the 
rate of formation of NO; measured. The results are 
given in Table 4. It will be seen that the normally 
high rate of conversion of NHj to NO; was greatly 
diminished or suppressed by the presence of the 
guanidine. Even after an interval of 14 days 
ammonium chloride, which in the absence of guani- 
dine is nitrified in 2 days, was not completely trans- 
formed into NO;. 

Guanidine is an even more active inhibitor of 
nitrification than is ethylurethane (Lees & Quastel, 
1946a) for the results in Table 4 show that it is 


inhibitory at a concentration of 0-001 m. This is in 


accordance with the observation of Meyerhof (1916) 
that guanidine greatly inhibits the respiration of 
isolated nitrifying bacteria. 
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Table 4. Nitrification of hydroxylamine, hydrazine and guanidine by bacteria-saturated soil 


(Initial stimulating perfusate: 200 ml. NH,Cl containing 70 pg. ammonium-N/ml. were perfused until nitrification was 
almost complete. Second perfusate:.200 ml. of ammonium chloride, hydroxylamine, hydrazine or guanidine solution at 
70 ng. N/ml. In duplicate tubes (marked *) after the second day of perfusion, NH,Cl was added to the perfusate to give 


a concentration of 70 ng. ammonium-N/ml.) 


Days 
Ammonium chloride 
Hydroxylamine chloride 
Hydroxylamine chloride + ammonium chloride 
Hydrazine sulphate 
Hydrazine sulphate + ammonium chloride 
Guanidine carbonate 
Guanidine carbonate + ammonium chloride 


lololof = 


Sodium nitrite. As might have been expected from 
the results already described (Lees & Quastel, 1946a) 
the rate of conversion of NO, to NO; by a soil 
rich in nitrifying bacteria is very fast, faster than the 
conversion of NHj to NO; by the same soil (see 
results in Table 3). The rate is too great to allow of 
sufficient accuracy, under our present experimental 
conditions, to determine if the course of transforma- 
tion is linear. 


Effects of hydroxylamine and hydrazine on 
soil nitrification 


Both these substances at concentrations of 70 yg. 
N/ml. perfusate are nitrified with difficulty by a soil 
enriched with nitrifying organisms. Hydroxylamine 
shows no evidence of being nitrified but hydrazine is 
feebly but definitely attacked. When ammonium 
chloride (at a concentration of 70 ug. N/ml.) is added 
to a perfusate containing hydroxylamine, the added 
NH; is apparently either not nitrified or nitrified 
but slowly. Results illustrating these facts are 
shown in Table 4. It is clear, therefore, that hydro- 
xylamine (0-005 mo) is highly inhibitory of soil nitrifi- 
cation. 

Hydrazine also suppresses, although it does not 
eliminate, the nitrification of added NHj (Table 4). 
At the concentration tested (0-0025 o) it is obviously 
an inhibitor of soil nitrification. Meyerhof (1916) has 
pointed out that both hydroxylamine and hydrazine 
at low concentration (0-001 m) inhibit the respiration 
of isolated nitrifying bacteria by about 40%. 

We should mention that in the experiments with 
hydroxylamine, the normal procedure was slightly 
modified. The soils were initially washed out with 
1 % neutralized hydroxylamine hydrochloride in an 
attempt to remove the higher oxides of manganese 
which react with hydroxylamine. After this pre- 
liminary treatment, the soil was washed with water 
and then perfused with ammonium chloride to give 
a soil enriched with nitrifying organisms. This en- 
riched soil was then perfused with hydroxylamine 
chloride or with a mixture of ammonium chloride 


Rates of nitrate formation during second perfusion: 


Nitrate-N formed (ug./ml.) 


12 


bo 


3 4 5 a 


70 72 
0 0 — 
0 7 — 

10 16 

20 38 
0 16 
0 22 


> 


tO #O #OD 


0 
0 
12 -- 
2: — — 
7 45 
7 102 


10 
10 
and hydroxylamine chloride with the results quoted 
in Table 4. The fact that a soil treated first with 1% 
hydroxylamine chloride, and then washed to remove 
all hydroxylamine, will allow nitrification of NHj 
to take place, shows that the inhibitory action of 
hydroxylamine is reversed by washing ; this confirms 
our earlier results (Lees & Quastel, 1946a) on the 
reversibility of hydroxylamine toxicity. 
Pyruvic oxime (CH,.C(:NOH).COOH). 


In view of the high toxicity of hydroxylamine to 
the nitrifying organisms and in view of the import- 
ance of discovering whether hydroxylamine can be 
attacked at sufficiently low concentrations by these 
organisms, an experiment was carried out to see 
whether pyruvic oxime can be nitrified by a bac- 
teria-saturated soil. It is known that certain oximes 
liberate hydroxylamine in aqueous solution and the 
toxicity of such oximes to catalase (Sevag & Maiweg, 
1934) has been ascribed to the highly ‘inhibitory 
hydroxylamine yielded by dissociation (Keilin & 
Hartree, 1934). If a relatively small amount of 
hydroxylamine is formed by the dissociation of 
the 0-005 M-pyruvic oxime and if this can be 
nitrified, it follows that eventually all the pyruvic 
oxime will be nitrified, since the oxime will con- 
tinuously supply hydroxylamine to restore equili- 
brium conditions as the hydroxylamine is removed 
by decomposition. 

Experimental results given in Table 5 show that 
pyruvic oxime (0-005 mo) is rapidly nitrified by a soil 
rich in nitrifying bacteria. The rate of NO; forma- 
tion is not quite as high as with an equivalent con- 
centration of NHj; the rate is in fact about the 
same as the rate with urea under the same experi- 
mental conditions. The course of nitrification of the 
pyruvic oxime appears to be almost linear; but 
further experiment is required to ascertain whether 
the process proceeds in an immediate linear manner 
or whether there is a small lag period. 

The presence of pyruvic oxime in a perfusate con- 
taining NH} does not lead to an inhibition or sup- 
pression of the nitrification of NHj (Table 5). This 
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Table 5. Nitrification of pyruvic oxime and tetramethylammonium chloride by bacteria-saturated soil 


(Initial stimulating perfusate: 200 ml. NH,Cl containing 70 pg. ammonium-N/ml. perfused until nitrification was almost 
complete. Second perfusate: 200 ml. of ammonium chloride, pyruvic oxime, or tetramethylammonium chloride solution 
at concentrations of 70 ug. N/ml. In duplicate tubes (marked *) after the second day of perfusion, NH,Cl was added to the 


perfusate to give a concentration of 70 ng. ammonium-N/ml.) 


Rates of nitrate formation during second perfusion: 


Nitrate-N formed (yug./ml.) 





a 
1 2 
22 


Days 
Ammonium chloride 2 
Pyruvic oxime 4 31 
Pyruvic oxime + ammonium chloride _ ns 
Tetramethylammonium chloride 0 3 


indicates either that the amount of hydroxylamine 
formed by dissociation of the oxime is insufficient 
to exert toxic effects on the nitrifying bacteria, or 
that the hydroxylamine is attacked almost as quickly 
as it is liberated by the breakdown of the oxime. 

Inan analogous experiment a mixture of hydroxyl- 
amine and sodium pyruvate in equimolecular pro- 
portion were perfused through soil in presence of 
ammonium chloride and the rate of nitrification com- 
pared with that of a mixture of hydroxylamine and 
ammonium chloride. The result of the experiment is 
shown in Table 6. It will be seen that the presence of 
the pyruvate entirely suppresses the toxic effect of 
hydroxylamine, which is completely nitrified. 

This phenomenon is most easily explained in 
terms of the reversible reaction: 


CH;.CO.COOH +NH,OH —CH,.C(:NOH).COOH + H,0.- 


The net effect of perfusing an equimolecular mixture 
of hydroxylamine and pyruvate is the same as that 
of perfusing an equivalent concentration of pyruvic 
oxime. 


Table 6. Nitrification of hydroxylamine in 
presence of sodium pyruvate 


(Initial stimulating perfusate: 200 ml. NH,Cl containing 
70 zg. ammonium-N/ml. perfusate until nitrification almost 
complete. Second perfusate: 200 ml. solution of (a) a 
mixture of hydroxylamine hydrochloride (70 ug. N/ml.) and 
ammonium chloride (70 ug. N/ml.) or (6) a mixture of 
hydroxylamine hydrochloride (70 yg. N/ml.), sodium 
pyruvate (0-005 mM) and ammonium chloride (70 ug. N/ml.).) 


Rates of nitrate formation 
during second perfusion: 
Nitrate-N formed (yug./ml.) 


( 


Days ... 1 2 3 5 
Hydroxylamine + NH,Cl -- 20 18 20 
Hydroxylamine + Na pyru- 22 60 88 125 
vate + NH,Cl 


DISCUSSION 


The fact that pyruvic oxime undergoes rapid nitrifi- 
cation by a bacterially stimulated soil may be ex- 
plained in one or more of the following ways: 


7 8 
75 75 
68 70 

121 140 
34 50 


(a) Hydroxylamine, produced by dissociation of 
the oxime, is capable of being directly attacked at 
low concentrations by the nitrifying organisms. 

(6) Hydroxylamine, produced by dissociation of 
the oxime, is converted, at low concentrations, by 
organisms other than the nitrifiers, to a substance 
(e.g. NHj) that is directly attacked by nitrifying 
organisms. 

(c) Pyruvic oxime itself is directly attacked by 
nitrifying organisms to yield (eventually) NO,. 

(d) Pyruvic oxime itself is rapidly converted by 
organisms other than the nitrifiers to a substance 
(e.g. NHj) that is directly attacked by the nitrifying 
organisms. 

The fact (Meyerhof, 1916) that hydroxylamine 
cannot replace NHj asa nutrient source of nitrogen 
to the nitrifying bacteria (Nitrosomonas) makes the 
first interpretation unlikely. Moreover, it would 
have been expected that if either interpretation (b) 
or (d) were correct, the course of formation of nitrate 
would have exhibited a more definite time lag than 
appears to be the case. The time lags in the nitrifi- 
cation curves, shown by the amines (Table 1) or 
glycine (Table 2) when perfused through a soil en- 
riched with nitrifying organisms are clearly defined. 
If interpretation (c), that pyruvic oxime is directly 
attacked by the nitrifying organisms, is correct, a 
most interesting question of the possible part played 
by this (or an analogous molecule) in the metabolism 
of nitrifying bacteria will arise. More work, however, 
is required to decide which of the above possible 
interpretations is correct. 


SUMMARY 


1. Soils which have been ‘saturated’ with nitri- 
fying bacteria, by preliminary perfusion with an 
ammonium salt, convert NH} into NO; at a linear 
rate. Such bacteria-saturated soils have been used 
for the perfusion of a variety of N-compounds in order 
to show whether these compounds are also converted 
to NO; at a linear rate or whether their trans- 
formations to NO, follow the sigmoid curves typical 
of bacterial proliferations. A sigmoid rate of NO; 
production found in the perfusion of substance X 
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through a soil saturated with nitrifying bacteria is 
evidence that X must first be converted by other 
(non-stimulated) organisms into NH} which can 
then be attacked by the nitrifiers. On the other 
hand, if the substance under investigation is con- 
verted at an immediate linear rate into NO, this is 
evidence, that it may be attacked directly by the 
nitrifying organisms. 

2. Although methylamine and trimethylamine are 
nitrified by a bacteria-saturated soil, their rates 
of transformation into NO; show initial time lags 
which indicate that they are attacked by organisms 
other than the nitrifiers before nitrification. Tetra- 
methylammonium chloride is nitrified with diffi- 
culty; its rate of conversion to NO; shows a large 
time lag. 

3. Urea and glycine are rapidly nitrified by 
bacteria-saturated soils but their courses of trans- 
formation to NO; are not quite linear. Presumably 
they are attacked by organisms other than nitrifiers 
before nitrification takes place, or are converted 
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chemically into substances which the nitrifiers can 
attack. 

4. Guanidine carbonate (0-005 M) is nitrified with 
difficulty by a bacteria-saturated soil. It inhibits 
the conversion of NHf to NOj in soil. 

5. Hydroxylamine (0-005 o) is not nitrified bya 
bacteria-saturated soil. It suppresses the con- 
version of NH} to NO; in soil. 

6. Hydrazine (0-0025 m) undergoes feeble nitrif- 
cation in a bacteria-saturated soil and greatly 
inhibits the conversion of NHj to NO, in soil. 

7. Pyruvic-oxime (0-005 m) is nitrified with 
great rapidity by a bacteria-saturated soil and 
does not inhibit the conversion of added NHj to 
NO;. 

8. The presence of sodium pyruvate (0-005 m) 
entirely eliminates the toxic effect of hydroxylamine 
(0-005 m) on soil nitrification and allows full nitrifi- 
cation of the hydroxylamine to take place. The 
significance of this fact and of the result with pyruvic 
oxime are briefly discussed. 
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Colorimetric Determination of Magnesium in Plasma or Serum 
by Means of Titan Yellow 


By R. J. GARNER, British Postgraduate Medical School, London 


(Received 25 June 1946) 


The principal methods employed for the estimation 
of blood magnesium require the precipitation of the 
magnesium either as the ammonium phosphate or as 
the 8-hydroxy-quinolinolate after preliminary re- 
moval of calcium by precipitation as oxalate. Of 
necessity these methods involve several steps, and 
are cumbersome and lengthy. 

Several workers have described methods for the 
determination of magnesium based on the obser- 
vation by Kolthoff (1927 a, b) that when magnesium 
is precipitated as the hydroxide by addition of 
sodium hydroxide in the presence of an acridine- 
sulpho-dye, Titan yellow, the colour of the dye is 
changed from yellow to red. Becka (1931) and 
Hirschfelder & Serles (1934) adapted the method for 
use with biological fluids, while the method has also 
found some favour for the determination of mag- 


nesium in water (Urbach & Baril, 1934; Miiller- 
Neugliick, 1941; Ludwig & Johnson, 1942, and 
others). 

The methods described for plasma (Becka; Hirsch- 
felder & Serles) are open to some criticism in that 
these workers did not precipitate the plasma pro- 
teins. As the colour of normal plasma may vary 
from pale yellow to a frank red according to the 
degree of haemolysis, a considerable error may be 
introduced. There is also some controversy as to 
whether the presence of calcium interferes with the 
determination of magnesium. 

In view of these points it was decided to in- 
vestigate the method and, if possible, to develop @ 
procedure suitable for the determination of mag- 
nesium in plasma and serum with the photoelectric 
colorimeter. 
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In the method to be described the plasma or 
serum proteins are precipitated by means of tri- 
chloroacetic acid, Titan yellow solution is added to 
the resulting water-clear filtrate and the magnesium 
precipitated by addition of sodium hydroxide. Gum 
ghatti is used to maintain dispersion of the mag- 


nesium-dye lake. 
METHOD 
Solutions 
Standard magnesium solutions 

Stock standard. 10-131 g. MgSO,.7H,O are dissolved in 
distilled water, 0-5 ml. chloroform added and the volume 
made to 1 1. with distilled water (1 ml. stock standard con- 
tains 1 mg. Mg). 

Working standard. 2 ml. of the stock standard are diluted 
to 100 ml. (1 ml. working standard contains 0-02 mg. Mg). 

Trichloroacetic acid. 10% (w/v). 

Gum ghatti solution. 1g. gum ghatti is tied loosely in 
muslin and left suspended in 1 1. of distilled water overnight. 
The soluble part of the gum leaches out into the water. The 
residue is discarded and the solution preserved with a few 
drops of chloroform. 

Titan yellow solution. 0-05%. 100mg. dissolved in 
water, made to 200 ml. and filtered. The solution should be 
kept in a brown bottle and should be freshly prepared about 
every fortnight. 

Sodium hydroxide. 4.N. 


Absorptiometer reading (F) 





5500 6000 6500 
Wave-length (A.) 
Fig. 1. Absorption spectra of the magnesium-Titan yellow 
lake with varying quantities of magnesium. (Spekker 
absorptiometer, 1 cm. cells.) 


Procedure 


To 4 ml. plasma or serum are added 8 ml. water 
and 4 ml. 10% trichloroacetic acid. The solutions 
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are well mixed, allowed to stand for 5 min. and then 
filtered through a 9 em. Whatman no. 42 paper. To 
8 ml. of the water-clear filtrate 1 ml. of gum ghatti, 
1-5 ml. Titan yellow and 2 ml. 4 N-NaOH are added 
in that order. 

A water-blank is prepared by taking 6 ml. dis- 
tilled water, adding 2 ml. 10 % trichloroacetic acid, 
1 ml. gum ghatti, 1-5 ml. Titan yellow and 2 ml. 
NaOH. 

A suitable standard for the average range of blood 
magnesium values is obtained by taking 2 ml. of the 
working standard solution (equivalent to 2 mg. 
Mg/100 ml.), adding 4 ml. water, 2 ml. trichloro- 
acetic acid, 1 ml. gum ghatti, 1-5 ml. Titan yellow 
and 2 ml. NaOH. 

The solutions are compared in the photoelectric 
colorimeter with a green light-filter. The minimum 
transmittance of the magnesium-dye lake is at 
5250 A. (Fig. 1). The colours remain stable for at 
least 3 hr. 


RESULTS 


A calibration curve of the colour produced plotted 
against varying amounts of a standard magnesium 
solution (Fig. 2) showed that Beer’s law is strictly 


110) 


100 


Photoelectric colorimeter reading (Z) 
= 


Ww 





0 O02 0-04 0-06 008 0-10 O12 
Magnesium (mg.) 
Fig. 2. Calibration curve obtained with standard mag- 


nesium solution. (Spekker absorptiometer, Ilford 
Spectrum Green 604 filter, 1 em. cells.) 


obeyed over the range 0-0-12 mg. magnesium 
(equivalent to 0-0-6mg. Mg/100ml. original 
sample). 
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A series of recoveries was carried out by addition 
of a known quantity of magnesium to sera of known 


magnesium content before precipitation of the 
serum proteins. The results are shown in Table 1. 


Table 1. Recoveries of magnesium added to plasmas 
and sera of known magnesium content 


(All values are in mg./100 ml.) 


Plasma Serum 
No. of specimens 12 12 
Initial magnesium content 0-73-2-63 1-08—2-57 


Magnesium added 0-20-2-00 0-20-2-00 
Magnesium recovered 0-19-2-05 0-24-1-97 
Mean deviation  )} (Added — { Nil +0-01 
Standard deviation} Recovered) |0-04 0-03 


Table 2. Effect of added oxalate on the determination 


of magnesium with Titan yellow 


Photometric readings (Ilford Spectrum Green 604 filter, 
1 em. cell). 


1 ml. 4% 0-1 ml. 30% 
ammonium potassium 
Magnesium No oxalate oxalate oxalate 
(mg.-) (£) (Z) (Z) 
0-00 0-33 0-33 0-33 
0-02 0-47 0-47 0-48 
0-04 0-60 0-60 = 
0-06 0-74 0-74 0-74 


A second series of recoveries was made on plasma, 
after first ascertaining that the presence of oxalate 
either as 4% ammonium oxalate (as used in the 
determination of calcium) or as 30% potassium 
oxalate (used as an anticoagulant for the preparation 
of plasma) did not interfere (Table 2). The results of 
the recoveries are shown in Table 1. In both series 





Table 3. Effect of added calcium on the determination 
of magnesium with Titan yellow using starch and 
gum ghatti to maintain dispersion of the magnesium- 
dye lake 


Photometric readings (Ilford Spectrum Green 604 filter, 
1 cm. cell). 
Amount of calcium added 
cw ; si 7 = 7. 
2-9 mg. 
(2 ml. sat. 





Magnesium calcium sul- 
present 0 0-05 mg. 0-1 mg. phate soln.) 
(mg.) (Z) (E) (E) (£) 
Starch as protective colloid 
0-00 0-32 0-33 0-32 0-40 
0-02 0-45 0-45 0-45 0-43 
0-04 0-59 0-59 0-59 0-55 
0-06 0-72 0-71 0-72 0-68 
Gum ghatti as protective colloid 
0-00 0-33 0-33 0-33 0-33 
0-02 0-48 0-48 0-48 0-49 
0-04 0-64 0-64 0-64 — 
0-06 0-81 0-82 0-81 _ 
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of recoveries the error falls within the range usually 
expected in colorimetric determinations. 

The effect of calcium on the colour development 
is shown in Table 3. 


DISCUSSION 


Kolthoff (1927a) and Ludwig & Johnson (1942) 
stated that the presence of calcium deepened the red 
colour due to the magnesium-dye lake, giving a 
minimum transmittance at 5250 A. Hirschfelder & 
Serles (1934), criticizing the work of Becka (1931), 
stated that if calcium was not removed an 80 % error 
was introduced. Investigation has shown that the 
presence of calcium in concentrations of the order 
usually found in blood (10 mg./100 ml.) does not 
affect the colour produced when read at 5200 A. 
(Ilford Spectrum Green 604 filter) (Table 3). 












) 





7 
u 





Absorptiometer reading (E 
















Magnesium (mg.) 


Fig. 3. Calibration curves obtained with standard mag- 
nesium solution using varying amounts of Titan yellow. 
(Spekker absorptiometer, Ilford Spectrum Green 604 
filter, 1 cm. cells.) 


The accepted medium for maintaining the lake in 
a state of dispersion has hitherto been starch, other 
protective colloids having been rejected either 
because of their translucence or because they were 
found to contain magnesium. A 1 % starch solution 
was found to lose its protective effect in from 2 to 
3 days and also promoted fading. It was therefore 
decided to replace it by gum ghatti. This maintains 
dispersion for over 24 hr. and has the additional 
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advantage of being water-clear and of ‘spreading’ 
the readings slightly (Table 3). Contrary to the 
findings of Hirschfelder & Serles (1934) the sample 
of gum ghatti used contained no magnesium. 

Haury (1937) has said of the direct method of 
estimation of the magnesium-dye lake ‘with this 
method it is necessary to add an excess of Titan 
yellow. A definite percentage of the dye combines 
with or absorbs the magnesium ion to produce the 
characteristic red magnesium-dye lake. The surplus 
yellow due remaining in the solution v'tiates the red 
colour to be compared. Consequently unless the 
concentration of magnesium in the two solutions to 
be compared be within close range, satisfactory 
colour matches cannot be obtained.’ By choosing 
a suitable concentration of Titan yellow a very satis- 
factory adherence to Beer’s law can be obtained. 
The optimum amount was found to be 1-5 ml. of a 
0:05% solution for the range over which blood 
magnesium may be expected to vary. The effect of 
less or more Titan yellow is shown in Fig. 3. 


MAGNESIUM DETERMINATION BY TITAN YELLOW 


831 


The amount of sodium hydroxide added must be 
sufficient to neutralize the excess trichloroacetic 
acid remaining after precipitation of proteins and to 
precipitate the magnesium hydroxide. 2 ml. of a 
4n-solution was found to provide ample excess. 


SUMMARY 


1. A rapid and accurate method is described for 
the estimation of magnesium in plasma or serum 
depending upon the precipitation of magnesium 
hydroxide by sodium hydroxide in the presence of 
Titan yellow. 

2. The estimation may be carried out in the 
presence of calcium or of oxalate. 

3. Recoveries of the order of +0-05 mg. mag- 


nesium/100 ml. are obtained over the normal ranges 


of plasma or serum magnesium concentration. 


Thanks are due to Prof. E. J. King for facilities for this 
work to be carried out and to Prof. R. H. A. Plimmer for the 
interest which he has shown in it. The work was done during 
the tenure of a Colonial Veterinary Studentship. 
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The Initial Stages in the Purification of Pig Liver Esterase 


By JACQUELINE S. FALCONER, Department of Physiology, King’s College, Newcastle-upon-T yne, 
AnD D. B. TAYLOR, Department of Physiology, King’s College, University of London, Strand, W.C. 2 


(Received 16 April 1946) 


The early work of Simonds (1919) demonstrated that 
there was considerable difficulty in obtaining a clear 
solution of liver esterase, because this enzyme was 
very firmly bound to the insoluble cell substances. 
Even autolysis in glycerol solutions for two to three 
years did not completely liberate it. 

Willstatter & Memmen (1924) improved the yield 
somewhat by introducing the acetone dried powder 
preparation from which the esterase could be ex- 
tracted with dilute NH,OH. Owing to the losses 
involved in the acetone dried powder procedure and 
to its inconvenience, Bamann, Mukherjee & Vogel 
(1934) reinvestigated the extraction from the fresh 
liver and obtained a greater yield of enzyme more 
conveniently. They added dilute NH,OH to the 
minced tissue and allowed it to autolyze at room 
temperature for 3—4 days, after which the mixture 
was made weakly acid with dilute acetic acid and 


the supernatant filtered off. Complete extraction of 
the enzyme was claimed, and the solution was 2-3 
times purer than the original fresh liver. 

In this paper some properties of the bound 
esterase are described, and a method is given of 
increasing the purity of the enzyme by making use 
of its insoluble state in the fresh liver. By diluting 
the liver mince with water, collecting the insoluble 
material in a high-speed centrifuge and washing it 
twice more in a similar manner with water, it was 
possible to reduce the concentration of soluble im- 
purities to less than 1 % of their initial concentration. 
Solubility tests of the type used by Butler & Mont- 
gomery (1933) and by Roche, Dorier & Santiuel 
(1936) were also carried out both on the esterase 
content of the extract prepared by the method 
described in this paper and on that of Bamann e¢ al. 
mentioned above. 


EXPERIMENTAL 


Esterase estimations. The esterase in 0-5 or 1-0 ml. samples 
was estimated by measuring the rate of fall of pH (glass 
electrode) of 20 ml. of half-strength pH 7 phosphate-borate 
buffer (Kolthoff, 1925) containing 0-5 ml. ethyl acetate at 
37°. The relation between the rate of fall of pH and enzyme 
concentration was linear between pH 7 and 6-2. One enzyme 
unit was defined as the amount which lowered the pH by 
0-001 pH unit/min. 


Protein-N estimations. The protein in i ml. samples 


was precipitated with 5 ml. 5% trichloroacetic acid and the 
mixture heated at 80° for 20 min. (Northrop, 1932). After 
this the agglutinated precipitate was collected on to a 
16 mm. disk of Whatman no. 42 filter paper in the perspex 
micro-Buchner funnel shown in Fig. 1. It is operated some- 
what as follows. The trichloroacetic acid suspension is 


Filter paper disc 


Rubber ring 


Ebonite 


= 


a 
1 cm. 


Micro-Buchner filter for preparing ammonia-free 
protein precipitates. 


Fig. 1. 


poured into the perspex tube A and drawn through the 
filter with very gentle suction. Next, tube A, which is a 
tight fit in the funnel, is raised 5 mm., half filled with 
ammonia-free 5% trichloroacetic acid, and any protein 
adhering to its lower end is detached with a glass rod and 
caught on the filter paper. Tube A is then removed and four 
Buchner-fulls of fresh trichloroacetic acid solution are 
drawn through to wash away any non-protein nitrogen 
present. The filter paper with the protein on it is removed, 
dried for an hour at 100° and stored in a desiccator until 
it is convenient to estimate the protein-N by the usual 
micro-Kjeldahl method. The method can be used to estimate 
protein nitrogen in a solution saturated with ammonium 
sulphate, the quantitative removal of the ammonia taking 
about 10 min. 


Solubility test method. The amounts of solid 
ammonium sulphate, calculated to produce the salt 
strength required for each point of the graph, were 
weighed out into a series of small, dry, clean glass 
vessels. Samples, 5 ml. each, of the solution under 





J. 8S. FALCONER AND D. B. TAYLOR 





1946 


test were then added to each tube and stirred until 
all the ammonium sulphate had dissolved. As the 
addition of the ammonium sulphate lowered the pH 
of the enzyme solution, the pH’s were adjusted to 
6-0 by adding small measured quantities of 0-1 N- 
NaOH to each tube. The solutions, having stood in 
the refrigerator for 12 hr., were filtered in the re- 
frigerator through 16mm. disks of filter paper 
(Whatman no. 42) in the micro-filters shown in 
Fig. 2. Under these conditions the protein adsorp- 
tion from the solution by the filter paper was 
negligible. These filtrates remained clear when kept 


<————- Glass cap 





Rubber band 





Vaseline seal 


Perspex 
filter plate 


Filter paper 
dise 


Cena 
1 cm. 


Fig. 2. Micro-filter for clarifying solubility test solutions. 


in the refrigerator for a further week showing that 
precipitation had ceased. The filtrates were analyzed 
for esterase content as soon as possible, and the 
results corrected for the dilution caused by the 
addition of the ammonium sulphate. The dilution 
factor D by which the results were multiplied was 
calculated for each point by means of the formula 
D=(100+G)/100 S, where G is the weight of 
ammonium sulphate added to 100 ml. of solution 
and S is the specific gravity of the resulting solution. 
The specific gravity figures, etc., used were those of 
Schiff as quoted in the Handbook of Physics and 
Chemistry (Hodgman, 1944). 

In making the enzyme determinations a small 
correction had to be applied to allow for the buffering 
effect of the ammonium sulphate present in the 
enzyme solutions. This correction was found by 
making a series of blank measurements with enzyme 
solutions of known strength containing increasing 
quantities of ammonium sulphate. 
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Determination of relation between pH and amount 
of esterase in solution. Well-minced pig liver was sus- 
pended in twice its weight of water, 5 ml. toluene/I. 
added, and the whole stirred for about an hour. 
The suspension was next strained through well- 
washed mutton cloth, and some strands of capsular 
material and any insufficiently minced liver were 
removed. 

Samples, 20 ml. each, of this suspension were placed 
in a series of twelve centrifuge tubes and measured 
quantities of 0-1 N-HCl and NaOH added to bring 
the pH of each tube to the desired value. Next day 
when the suspensions had warmed up to room tem- 
perature, in each tube the final pH’s were redeter- 
mined and the total esterase/ml. measured. Most 
of the insoluble material in the tubes was thrown 
down by centrifuging at 2000 g for 10 min. and the 
supernatants were filtered through Whatman no. 42 
filter paper till clear. The esterase/ml. of each filtrate 
was determined and plotted against the pH of that 
filtrate (Fig. 3). 


8 





3.8 8 


Enzyme units/ml. 


se 8 $ $ 


4 > 6 7 8 9 10 
pH of solution 


Fig. 3. Relation between esterase eluted from insoluble 
enzyme complex and pH. ©— © Esterase/ml. in solution. 
+—+ Total esterase/ml. uncorrected for added HCl or 
NaOH. @—@®@ Total esterase/ml. corrected for added 
HCl and NaOH. 


It is clear from the graph of total esterase present 
that the enzyme is stable between pH 5 and 10, but 
that below pH 5 it shows signs of losing its activity. 
Moreover, the bound esterase can be washed most 
economically at pH 5-7, since the esterase in solution 
at this point is minimal. Also the maximum elution 
is achieved by raising the pH to 9-5. 

Washing of bound esterase. The insoluble material 
from the crude liver suspension described above was 
collected by adjusting the pH to 5-7 and passing it 
slowly through a Sharples’ ‘Super centrifuge’. This 
process of washing by suspending in water and 
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centrifuging was repeated twice, then the bound 
esterase was eluted by raising the pH to 9-5 and 
leaving the suspension in the refrigerator overnight. 
Next morning the eluted enzyme was collected by 
lowering the pH to 6 with 0-1 N-HCl and centrifuging 
off the insoluble material. Final clarification was 
effected by passing the solution through a Whatman 
no. | filter paper. 

About 25% of the total enzyme is lost in the 
washing process. A further 30—40 % is left behind in 
the elution and clarification. The result is a solution 
of about 40 % of the original esterase which is 10-15 
times purer than the untreated liver. Some increase 
in the purity of these extracts occurs if they are left 
in the refrigerator with excess toluene. Under these 
conditions much unstable protein is precipitated and 
a purity of 20 times the original may be reached in a 
few months. Dialysis followed by precipitation of 
some inactive protein at pH 5 also increases the 
purity slightly. 

All the extracts prepared in the above manner are 
light brown in colour and undoubtedly contain 
catalase as shown by quantitative absorption 
spectroscopy in the visible range and by chemical 
measurement of destruction of hydrogen peroxide. 

Attempts to elute the esterase with 6M-urea or 
6Mm-glycerol were unsuccessful. Drying of the washed 
bound enzyme at room temperature with acetone 
and ether resulted in complete loss of activity. 


DISCUSSION 


Preparations of extracts. The method of Bamann 
et al. (1934) gives an almost theoretical yield of 
esterase, but the increase in purity is only 2-5-3 
times that of fresh liver. If the impurities present 
in the extract of Bamann et al. were easily removed, 
it would obviously be the method of choice. Un- 
fortunately, the difficulties inherent in enzyme puri- 
fication are such that the yield has sometimes to be 
sacrificed to the attainment of increased purity. 

There appear to be at least three ways in which the 
efficiency of the method described in this paper 
could be increased.. First, very thorough and com- 
plete homogenization of all the liver tissue would 
increase the yield of enzyme, as quite a lot of esterase 
is discarded with the capsular material, etc. It 
would also assist in the washing away of any soluble 
substances which might be released when the pH of 
the suspension is raised to 9-5. Secondly, if the 
washing of the bound enzyme could be conducted 
without so much loss, the yield of enzyme and the 
purity of the final extract would be considerably 
increased. There is some evidence to show that 
washing with dilute sodium chloride solutions in- 
stead of water has this effect. Finally, if quanti- 
tative elution of the enzyme could be achieved, 
almost 30% of it could be saved. Bamann ef al. 
(1934) recommend alkaline autolysis at room 
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temperature for 3—4 days without any antiseptic. In 
our experience this always yields a heavily infected 
product, and while the enzyme seems to escape we 
prefer to elute it under more controlled conditions. 
It is possible that by using digitonin, digitalin or 
saponin as recommended by Matlack & Tucker 
(1940) for the elution of muscle esterase, a more 
efficient elution might be effected. 

Esterase content of extracts. Since the method of 
Bamann et al. (1934), referred to above, gives higher 
yields of esterase than our technique, we have 
attempted to compare the esterase content of the 
extracts in order to get a clearer view of the esterases 
in the whole liver. 


40 
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Fig. 4. Solubility test of: A, esterases in extract prepared by method of Bamann et al. (1934); 
B, esterases in extract prepared by method described in this paper. 


The enzyme precipitation curves in Fig. 4 show 
the presence of two esterases, one more soluble than 
the other. The presence of the two inflexions indicates 
that these two enzymes behave independently of 
each other in the solid phase. If the socond and more 
soluble enzyme dissolved in the precipitate of the 
first to form a solid solution, an equilibrium between 
its solution in the liquid and solid phases would be 
set up. As ammonium sulphate was added after the 
solution had saturated with respect to the first 
enzyme, more and more of the second enzyme would 
pass out of solution in the liquid phase for two 
different and independent reasons. First, the amount 
of solid phase in which the second enzyme could dis- 
solve increases, and secondly, the tendency of the 
second enzyme to precipitate would increase. Since 
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both these are continuous processes, no inflexion 
due to the solution saturating with respect to the 
second enzyme can occur, unless the solubility of 
the second enzyme in the precipitated first enzyme 
is so low that the solution saturates with respect to 
the second enzyme before it can be removed by its 
solution in thé first. It therefore appears that there 
are two liver esterases which we will refer to in order 
of their solubility as liver esterases I and II until a 
more satisfactory basis is found for their characteri- 
zation. 

The similarity of the two curves in Fig. 4 suggests 
that the relative amounts of the two esterases 
present are similar. 
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SUMMARY 





1. A method is described of preparing a solution of 
pig liver esterase which is 10—15 times purer than 
whole liver. 

2. The existence of two esterases in this extract is 
demonstrated. 

3. An improvement in the technique of estimating 
small amounts of protein-N in solutions con- 
taining large amounts of ammonium sulphate is 
described. 
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A Specific Property Solubility Test for Protein Purity, 
and its Application to the Preparation . 
of Pure Liver Esterase 


By JACQUELINE 8S. FALCONER, Department of Physiology, King’s College, Newcastle-upon-T yne, 
anpD D. B. TAYLOR, Department of Physiology, King’s College, University of London, Strand, W.C. 2 


(Received 16 April 1946) 


The equilibrium between a solid protein and its 
solution was first comprehensively considered by 
Sorensen & Hoyrup (1917). They concluded from 
their investigations that egg albumin formed a true 
solution in water and that the equilibrium between 
this solution and solid egg albumin was governed by 
the phase rule. 

This work was confirmed and extended by 
Northrop & Kunitz (1930) who obtained proteins of 
sufficient purity to have constant solubilities in 
solvents of constant composition, the solubility 
being independent of the amount of solid phase 
present. They showed, moreover, that, in the case 
of a protein which had a solubility independent of 
the amount of solid phase present, a consideration 
of that part of the solubility curve between the 
appearance of opalescence and the establishment of 
constant solubility might demonstrate the presence 
of an unsuspected impurity. They also demon- 
strated that some proteins did not conform to the 
‘Multiple Component System’ theory of Sorensen 
(1930). 

In the above-mentioned methods, the change in 
the amount of protein in solution, in a solvent of 
constant composition at constant temperature, is 
measured as a function of the total protein present. 
The alternative method of experimental analysis 
where the total protein, temperature and pH were 
constant and the salt concentration varied, was also 
considered by Sorensen & Hoyrup (1917). They 
plotted precipitation curves relating the amount of 
egg albumin in solution, in equilibrium with the 
crystalline solid, at constant temperature and pH, to 
the concentration of the precipitating ammonium 
sulphate. They then pointed out that the amount of 
albumin in solution was completely determined in 
the phase rule sense and that, at a given salt con- 
centration, it would always be the same within the 
limits of experimental error. It is clear, therefore, 
that if ammonium sulphate is added to a solution of 
pure protein, the concentration of the protein in 
solution will remain merely the content, i.e. inde- 
terminate, until the appearance of the solid phase, 
after which it becomes the solubility. Hence, the 
appearance of the solid phase will show itself in the 
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precipitation curve as a break in continuity. Further, 
in the case of a complex protein solution, the appear- 
ance of each new solid phase will be indicated by a 
similar break. The realization of this has led to much 
interesting work at the hands of many workers, 
especially Butler, Blatt & Southgate (1935), Roche, 
Dorier & Samuel (1936 a, b) and Jameson & Roberts 
(1937). 

Precipitation curves of this type could obviously 
be used as a test of purity, since with a pure protein 
only one inflexion in the graph should occur. Kuhn 
& Desnuelle (1937) have used data obtained in this 
way as evidence of purity in the case of Warburg’s 
yellow enzyme. They also demonstrated that when 
ammonium sulphate was added to the solution, the 
yellow colour and protein began to come out of 
solution at the same salt concentration, and that the 
decrease in yellow colour and the decrease in protein 
content were parallel. They did not develop this 
method further, nor did they apply it to the analysis 
of impure solutions, an extension which might have 
yielded information useful in the purification of the 
yellow enzyme. 

The value of a purity test depends not only on its 
sensitivity and accuracy, but also on the amount of 
information it yields about the concentrations and 
characteristics of the impurities present which would 
be of value in purifying the protein required. A 
consideration of one of the basic difficulties involved 
in the purification of a protein by salting out will 
make this point clearer. Suppose a solution contains 
five proteins 


AB|c 


in order of increasing solubility, and suppose that C 
is the protein to be purified. The usual procedure is 
to add enough salt to precipitate A and B which are 
then filtered off. More salt is now added to pre- 
cipitate C which is collected, leaving D and £ behind 
in solution. Apart from the contamination of the 
precipitated C with mother liquor containing D and. 
E, considerable impurities are almost always present, 
due to the overlapping of the precipitating ranges 
of proteins with closely related solubilities, in this 


case, B and D. 


DE 
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Fig. 1. V, Specific property solubility test of a partially purified solution of liver esterase showing the presence of two 
overlapping impurities. I, II, III, and IV, precipitation curves of esterases and proteins in the same solution. 
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The solubility test described in this paper presents 
a method of measuring the degree of this overlap, 
and so exposes the problem of the elimination of 
impurities to quantitative experimental investi- 
gation. Moreover, a consideration of the theory 
underlying the test enables the problem to be 


Enzyme units/ml. 


s°* @ 5 
Ionic strength 


mg. protein-N/ml. 


10 20 30 
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tein-N/ml. of the solubility test filtrates was also deter- 
mined and corrected for the diluting effect of the added 


ammonium sulphate in the same way as the esterase figures 
were corrected for this factor. 


The solution used for Fig. 3 was prepared from 
that used for Fig. 1 by fractionation between the 


mg. protein-N/ml. 


aS 


40 50 60 70 
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Fig. 2. 


Curve III. Specific property solubility test of a partially purified solution of liver esterase showing one less 


soluble overlapping impurity; also precipitation curves, I and II, of esterases and proteins in the same solution. 


analyzed mathematically, thereby generalizing its 
applicability. 

A preliminary account of part of this work has 
already been published (Falconer & Taylor, 1945). 


{X PERIMENTAL 


The methods and enzyme extract used were those described 
previously (Falconer & Taylor, 1946), except that pro- 


ionic strengths of 6-57 and 7-67 at pH 6, followed by 
dialysis. Ammonium sulphate was used as the pre- 
cipitating reagent. All the solubility tests were 
carried out at pH 6-0. 

Precipitation curves of both the esterases and the 
total protein nitrogen were plotted as a function of 
the ionic strength, and in order to find the relation 
between the precipitation of the impurities and the 
precipitation of the enzyme, the protein left in 
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solution at each ionic strength was plotted against 
the enzyme in solution at the same point. 

On examination of the protein and the enzyme 
precipitation curves in Figs. 1 and 2, it is difficult 
to decide exactly not only how many proteins there 
are, but also which parts of the protein precipitation 
curves correspond to the precipitation of enzyme 
protein. When, however, the enzyme concentration 
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in purity (i.e. it runs along a straight line passing 
through the origin). The change in purity between 
points B and C is due to the overlapping of the pre- 
cipitation ranges of the enzyme and the less soluble 
impurity, and the analysis of this overlap is im- 
portant from the standpoint of its elimination. 
Fig. 1, V shows the presence of two overlapping 
impurities, one more soluble and one less soluble than 
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Fig. 3. Curve III. Specific property solubility test of pure liver esterase. Curves I and II, 


relationship of enzyme activities and 


in solution is plotted against the total protein in 
solution, a clear picture of the relationship between 
the precipitation of the enzyme and the impurities 
appears. 

For example, between the point A (Fig. 2, ITI) 
where the solution saturates with respect to non- 
enzyme protein, and the point B where it saturates 
with respect to the enzyme, there is precipitation of 
impurity without any change in enzyme concen- 
tration. This is also clear from a consideration of the 
separate enzyme and total protein precipitation 
curves. After B, the solution becomes progressively 
purer till the point C is reached, from which point to 
the origin the enzyme left in solution does not change 


protein concentration to ionic strength. 


the enzyme. Incidentally, the less soluble over- 
lapping impurity in both Figs. 1 and 2 is the 
catalase referred to previously (Falconer & Taylor, 
1946). 

Fig. 3, III shows no inflexions or curves, and there- 
fore indicates that the enzyme solution used to pre- 
pare it was pure. Fig. 3, II, however, suggests that 
there are two proteins present ; that these correspond 
to the two enzymes is shown by Fig. 3, I. Fig. 3 
therefore represents the purification of the liver 
esterases without their complete separation. The 
linearity of Fig. 3, III indicates that the activity of 
the two esterases in units/mg. of protein nitrogen is 
the same. 
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Graphical analysis 


Fig. 4 represents the case of an enzyme with two over- 
lapping impurities, one less and one more soluble than 
the enzyme itself. 

All determinations made before any solid phase separates 
will be coincident at the point A and A-B is due to the 
precipitation of non-overlapping impurity. The solution 
saturates with respect to the enzyme at B, and the more 
soluble impurity at C. Extrapolation of BC to the vertical 
axis gives the point D, through which, if we draw DF 
parallel to the horizontal axis, we arrive at the situation as 
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=F 
th 
a 
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Enzyme units/ml. 
Fig. 4. To illustrate construction lines ----, used for 


graphical analysis of a hypothetical case, resembling 
Fig. 1, V, of an enzyme with two overlapping impurities 
one more and one less soluble than the enzyme itself. 


it would occur if the more soluble protein impurity were 
absent, DF being the new abscissa. Further, if at the point 
D we draw the tangent DE to the curve BCD we get the 
graph that would occur if the enzyme were pure. The slope 
of this tangent, therefore, is the activity of the pure enzyme 
in units/mg. of protein nitrogen. The area BDE represents 
the overlap of the less-soluble impurity on to the pre- 
cipitation range of the enzyme. The composition of the 
original solution can be obtained by extrapolating AB to the 
horizontal axis. Then AB represents less-soluble non-over- 
lapping impurity, BE less-soluble overlapping impurity, EF 
the enzyme protein and FG the more-soluble overlapping 
impurity. The extent of the overlap of the less-soluble 
impurity into the precipitation range of the enzyme is given 
by the rate of approach of the curve BCD to the straight 
line ED. The faster BCD approaches ED the better it is from 
the point of view of separating the proteins. In order to 
analyze the composition of the solution at any point K on 
BCD, the vertical line KN is drawn, then KL represents the 
overlapping less-soluble protein, LM the enzyme, and MN 
the more-soluble protein impurity. 


It is clear, therefore, that the determination of the 
concentration, pH, temperature and precipitating 
reagent which make the overlap a minimum, con- 
stitutes a general method for the purification of 
any protein with a specific accurately measurable 
property such as the activity in the case of an 


enzyme. 
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Mathematical analysis 


Since generality is more easily achieved in theory 
than in practice, it will be sufficient for the purposes 
of analysis to consider two cases, that of the pure 
enzyme and that of the enzyme with one less-soluble 
overlapping impurity. 


Calculation of precipitation equations for pure enzyme. In 
this case, the protein solubility P as a function of the 
enzyme solubility S, (in enzyme units) is given by the 
equation 1 

P= K; x Sz, (1) 
where K, is the activity of the pure enzyme in units/mg. 
protein nitrogen. 

Further, accepting Cohn’s equation (1925) and letting Bz 
and k, be the intercept and slope constants respectively of 
the enzyme and J the ionic strength, we have 


log Sg=Bz- kl, (2) 
therefore S,=exp (Be—kgl). (3) 
Substituting in equation (1) we get: 
1 
P= K, exp (Bg—kgl). (4) 
£ 


It is clear, therefore, that equations (1) and (4) are the 
equations to the line ED, Fig. 4. 

Calculation of equations for the case of the enzyme with one 
less-soluble overlapping impurity. Fig. 2, III, is such a case, 
and we will attempt to calculate the equation to the curve 
between the point where the solution saturates with respect 
to the enzyme and the origin, also the equations for the 
overlap and the overlap ratio, and finally the activity of the 
pure enzyme. 

(1) Calculation of equation to curve. In the case of one less- 
soluble overlapping impurity, we have, where the subscripts 
i and E£ refer to the impurity and enzyme respectively, 


log S;=B; - kl (5) 
and log Sp=Bye—kgl, (6) 
therefore S;=exp (B;—k,1) (7) 
and Sy,=exp (Bg—k,l). (8) 


Now since the protein concentration P at any point on the 
curve must be equal to the sum of the concentrations of the 
impurity and the enzyme protein, we have 


1 
P=exp (By— kil) + exp (Bg—kgl), (9) 
E 


which is therefore the equation to the curve in question. 

(2) Calculation of the overlap and overlap ratio. T he amount 
of impurity left in solution when the ionic strength is such 
as just to saturate the solution with respect to the enzyme 
is the overlap and is given by equation (7), where I has the 
value specified. The value of the overlap itself is not as im- 
portant as the ratio of the overlap to the amount of enzyme 
present. Here we have 

Overlap ratio= ae (10) 
K, exp (Bz —kgl) 


where J has the value just mentioned. 
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(3) Calculation of the activity of the pure enzyme. The 
activity A in enzyme units/mg. protein nitrogen at any point 
on the curve is obviously given by 

as exp (Bz —Ipk) 
6 ee OO 5 
a exP (Be— kel) +exp (Bi— kel) 
- 


(11) 


from which we can easily calculate K,,. When the amount of 
impurity relative to the enzyme tends to zero A becomes Kz, 
i.e. the tangent to the curve at the origin. 

If now our experimental data permit us to determine the 
slope and intercept constants used in the above equations, 
we can determine the activity of the pure enzyme and the 
overlap ratio, both useful in purification. 

(4) Calculation of terms.limiting extent to which proteins 
can be separated. Fig. 5 represents two hypothetical cases 
RSQ and RTQ of overlap by a less-soluble impurity, the 
precipitation of the enzyme protein overlapped being repre- 
sented by VQ, while in each case the actual amount of the 
overlap, represented by RV, is the same; the impurity in the 
case of RTQ could be removed much more easily, since the 
curve approaches VQ more rapidly. It is therefore important 
to calculate the terms determining the rate of approach of 
any curve of the same type as RT'Q to the straight line VQ, 
since this rate limits our ability to separate the two proteins, 
and to purify the enzyme. This calculation can be done by 
considering the slope dP/dE of the tangent 7'X to the curve 
at any point 7’. Since the variation of total protein P 
relative to the fall in enzyme solubility is equal to the sum 
of the rates of change of the impurity and the enzyme 
protein relative to the ionic strength divided by the rate of 
change of the enzyme solubility relative to the ionic strength, 
we have 


1 ¥ 
/8S; ( eo Ss 
dP (a7 Be ” (ae Imp. 
dE 3S r) 
‘ / Imp. 


(12) 


_ 8S; 1 
et, =e 
Now, since 1/K, is the slope of VQ and since dP/dE is the 
slope of 7'X, the rate of approach of the curve R7'Q to the 
straight line VQ is determined by the rate of removal of the 
impurity relative to the rate of precipitation of the enzyme, 
a rather obvious conclusion. Moreover, by differentiating 
equations (5) and (6), relative to J and dividing we get that 
dS; ky xexp (B;—K,1) | (14) 
8S, kgxexp (Be—kgl)’ 
this difference therefore between R7T'Q and VQ can be 
quantitatively expressed in terms of the slope and intercept 
constants of the proteins in question. Substituting in 
equation (13) we get 
dP k,xexp (B;—k;,1) 1 
dE kyxexp(By—kgl) Kg 
k; x exp (B; — kL) 


Therefore in the limit when — - - 
ky xexp (Bg—kgl) 


(13) 


(15) 


tends to 


zero we have 
aP .j 


- = : 6 
dE Ky (16) 


J. S. FALCONER AND D. B. TAYLOR 


1946 


That is, the tangent to the curve RT@ at the origin is VQ 
and is equal to the activity of the pure enzyme, a conclusion 
which confirms the use of the tangent in the graphical 
analysis. The tendency of equation (14) to zero will be 
favoured by a high k and a low § constant for the impurity 
relative to the corresponding constants for the enzyme, and 
since the slope constants are independent of pH and tem- 
perature (Cohn, 1941), the pH and temperature which make 
By, -— 8; a maximum will be the optimum for the purification 
of the enzyme. 


mg. protein-N/ml. 


e Enzyme units/ml. 

Fig. 5. Diagram to illustrate two possible cases of overlap 
RSQ and RTQ by a less-soluble impurity, the actual 
amount of the overlapping impurity being the same in each 
case, but the extent of the overlap into the precipitation 
range of the enzyme being much greater in the case of 
RSQ. This diagram is to illustrate the calculation of the 
terms limiting the extent to which two proteins can be 


separated. 


QUANTITATIVE ANALYSIS OF 
EXPERIMENTAL DATA 


This can be carried out in two ways. First, we can 
attempt to estimate the intercept and slope con- 
stants B and k respectively of each protein from the 
precipitation curves, and from these calculate the 
data we want by substituting them in the appro- 
priate equations. Secondly, we can carry out the 
relatively much easier graphical analysis as described 
earlier. 

The algebraic approach has the disadvantage that 
its validity depends on how accurately the proteins 
obey the equations we use to relate solubility to 
ionic strength (in this case Cohn’s equation). More- 
over, apart altogether from the intrinsic accuracy of 
the function we use, either solution in or adsorption 
on to an already formed protein precipitate would 
upset the analysis. This method has, however, the 
great advantage that it permits easy extrapolation 
of the experimental data to other concentrations. 

The graphical analysis, on the other hand, is in- 
dependent of the relationship between the solubility 
of any of the proteins and the ionic strength, nor 
does the formation of solid solutions or adsorption 





946 

VQ 
sion 
‘ical 
| be 
rity 
and 
em- 
ake 
‘ion 


ap 
ial 
ch 
on 
of 
he 





Vol. 40 


interfere with it provided the enzyme is not in- 
volved. The method cannot, however, be used to 
predict what would happen if we concentrate or 
dilute the original solution. So, although much 
more exact, the graphical lacks the generality of the 
mathematical method. These two methods can 
therefore be regarded as complementary. 

Since the object of the analysis is the deduction of 
a method of purification, we require an estimate of 
the activity of the pure enzyme and also data giving 
the extent to which the precipitation ranges of any 
impurities overlap that of the enzyme to be purified. 

The results of the graphical analysis of Fig. 1, V, 
are shown as circles in Fig. 6. 


Catalase overlap as % of enzyme present 


Activity of pure enzyme in units/mg. protein-N 
o 
6 


4 5 6 7 4 5 


Ionic strength 





Tonic strength 
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because if the precipitation of the catalase had been 
logarithmic, the curve could at best only have 
approached the pure enzyme line asymptotically. 
The actual precipitation curve of the catalase 
(circles, Fig. 6, III) shows that the curve becomes 
much steeper after the point at which the solution 
saturates with respect to esterase I. It appears that 
the catalase is forming a solid solution in the esterase 
precipitate or being adsorbed on to it. The further 
possibility that it combines with it in solution can- 
not be excluded. 

The extent of this interaction can be estimated 
from the mathematical analysis. Table 1 shows the 
precipitation constants used for these calculations, 
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Fig. 6. Analysis of Fig. 1, V, showing discrepancy between actual and calculated values of the activity of the pure 
enzyme, the percentage overlap of the less soluble impurity, and the solubility of the catalase. ©—© Actual values 
from graphical analysis. x— x Values calculated from constants given in Table 1 using equations (11), (10) and (5). 


The activity of the pure enzyme by this method 
works out at 550 units/mg. protein-N. Fig. 3, 
III, confirms this figure. The extent to which the 
precipitation range of the catalase overlaps that of 
the enzymes is shown in Fig. 6, II, as a function of 
the ionic strength. When the ionic strength is 6-81 
this overlap is zero, an unexpected but useful result, 


Table 1. Results of graphical analysis of Fig. 1, 
including the precipitation constants used in the 
calculations for Fig. 6 


%of %of 
total total 
Proteins present B k esterase protein 
Most-insoluble — — — 4-6 
impurity 
Less-soluble over- 0-254 0-29 — 32-3 
lapping impurity 
. (catalase) 
Liver esterase I 3-94 0-50 19 9-7 
Liver esterase II 7-42 0-85 81 42-2 
Most-soluble im- -- - — 11-1 


purity 


and it also includes the approximate composition 
from graphical analysis of the solution analysed. 

The solution of pure enzyme used for Fig. 3, IIT, 
was obtained by removal, by fractionation, of that 
part of curve, Fig. 1, V, showing no overlap, i.e. 
between 45 and 4 enzyme units/ml. 

The precipitation constants for catalase are ex- 
pressed as mg. protein nitrogen/ml., and for the 
enzyme in esterase units/ml. Using these values and 
equations (5), (10) and (11) the values shown by the 
crosses in Fig. 6 were calculated. The divergence 
between the calculated and the measured values in 
Fig. 6, III, shows that the discrepancy occurs at the 
ionic strength at which the esterase I begins to come 
out of solution, lending further support to the 
assumption already made that the catalase and 
the esterase are interacting; this also explains the 
discrepancy in Fig. 6, I and IT. 

The accuracy of the constants in Table | is 
limited by the fact that they were obtained by 
analysis of limited portions of the graphs in Fig. 1; 
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precise evaluation will have to await the separation 
of the enzymes. Some idea of the fit obtainable 
with. these constants can be obtained from Fig. 1, I, 
where the continuous lines were calculated from the 
constants for the two enzymes given in Table 1. 


DISCUSSION 


Types of solubility test and a suggested terminology. 
There are three types of solubility test in use in 
protein chemistry at present. First we have the test 
(Sorensen & Hoyrup, 1917; Northrop & Kunitz, 
1930) in which an analysis is made of the solubility 
of increasing quantities of a mixture of proteins in 
a solvent of constant composition at constant pH 
and temperature. We suggest that this test be called 
the ‘Constant solvent solubility test’. 

Secondly, the precipitating effect of a salt on a 
solution of several proteins at constant pH and tem- 
perature has been used to provide much useful 
information (Derrien, 1944; Roche, Derrien & 
Moutte, 1941). We will refer to this as the ‘ Variable 
solvent solubility test’. 

Finally we suggest that the test described in this 
paper should be called the ‘Specific property solu- 
bility test’. 

The relation of the three tests to one another. If it 
were possible, and in some instances it seems to 
be, to make a complete and accurate quantitative 
analysis of the results of a variable solvent solubility 
test for each protein in all solvents within the range 
of salt concentrations used, we would, as a result, 
be able to calculate and construct the constant 
solvent solubility test corresponding to any ionic 
strength in the range studied. Theoretically at least, 
therefore, the constant solvent solubility test is a 
special case of the variable solvent solubility test. 
The constant solvent solubility test is in fact a cross- 
section of the variable solvent solubility test at a 
given ionic strength. 

The difference between the specific property solu- 
bility test and the variable solvent solubility test is 
one of function rather than of type, since in both the 
composition of the solvent is varied. In the variable 
solvent solubility test, the relationship between the 
precipitation of the proteins in solution and the 
salt strength is analyzed, whereas in the specific 
property solubility test it is the relationship between 
the precipitation of one particular protein and the 
precipitation of the others that is the subject of 
inquiry. 

The relationships of these three solubility tests 
to one another and the differences between them 
result in each test having advantages and dis- 
advantages of considerable practical importance. 
We can compare and contrast these three tests in 
three different ways, as tests of protein purity, 
as sources of information for further purification, 
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and finally from the standpoint of the practical 
difficulties involved. 

Comparison of the three tests as criteria of protein 
purity. The constancy of solubility of increasing 


. quantities of protein in a solvent of constant com- 


position is a very sensitive test of its purity, and is 
limited only by the amount of solid phase available 
and the accuracy of the determination of protein in 
solution. While larger initial quantities of protein 
increase the delicacy of the variable solvent test, 
and since the sensitivity of the specific property test 
depends on the accuracy of the activity measure- 
ments, they are probably not so sensitive as their 
constant solvent relative. 

It has been pointed out by various authors (e.g. 
Shedlovsky, 1943) that it is possible in the case of a 
constant solvent solubility test for a solid solution 
of an impurity, present in just the right ratio to the 
pure substance, to imitate the behaviour of a pure 
substance. The chance of this type of compensation 
occurring is minimized by repeating the test under 
different conditions. In the case of a variable solvent 
solubility test, it is possible, after the solution has 
saturated with respect to the first protein, for a 
second protein to dissolve in the precipitate of the 
first to such an extent as to prevent the occurrence 
of a second inflexion. Moreover, it seems quite 
possible for this to occur at two different pH values. 
The position of the specific property test with respect 
to this point is however unique since the type of 
solid solution that would give a straight line passing 
through the origin, when the activities of the protein 
left in solution are plotted against the amounts, 
would be of a most complex and unusual nature. The 
solubility of the impurity in the protein under in- 
vestigation would have to be independent of the salt 
strength of the solvent, for the specific property 
curve to be straight. Moreover, the amount of im- 
purity present would need to tend to zero in the 
same way, with increasing salt strength, as the main 
protein did, in order that the graph should pass 
through the origin. Whilst the impurity might be 
present in the right amount for the curve to go 
through the origin it is extremely unlikely that its 
solubility in the main protein would be independent 
of the salt strength. 

Comparison of the tests as sources of methods for 
further purification. The use of the constant solvent 
solubility test for this purpose has been developed by 
Herriott, Desreux & Northrop (1940) and by 
Northrop (1941). While the methods derived from 
this test are interesting, they are limited to the 
manipulation of a solvent of constant composition. 
This is a serious limitation since salt fractionation 
depends on the use of solvents of different com- 
position. It is here that the specific property test is 
most useful since it enables the overlap of the pre- 
cipitation ranges of the protein under investigation 
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and its impurities to be analyzed and related to the 
ionic strength of the precipitating salt. 

Comparison of technical difficulties involved in per- 
forming each test. In performing a constant solvent 
solubility test the composition of the solvent must 
be chosen with great care. For a satisfactory result 
can be attained only if the most soluble of all the 
proteins in the mixture saturates the solvent while 
at the same time the solvent must permit an 
analyzable quantity of the least soluble protein 
to dissolve. Now in order to determine the true 
composition of a protein solution it is necessary to 
proceed from the supersaturated side so that the 
alteration in composition caused by solvent washing 
of the solid protein mixture can be avoided. Working 
from the supersaturated side in this case is usually 
more difficult and less accurate. 

In the case of the variable solvent and specific 
property solubility tests these difficulties do not occur 
since all that has to be done is to add increasing 
quantities of salt until all the protein present has 
been precipitated. 
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SUMMARY AND CONCLUSIONS 


1. Anew type of phase rule solubility test for pro- 
tein purity is described, and quantitative graphical 
and mathematical methods are provided for its 
analysis. 

2. A method by which the test described could be 
extended to form the basis of a general method of 
purification of any protein with a specific accurately 
measurable quality is indicated. 

3. The relationship of the new test to the two 
previously described solubility tests is indicated and 
the relative merits of the three tests discussed. 

4. The new test has been applied to the analysis 
of a liver extract relative to its content of liver 
esterase. 

5. The preparation of pure pig liver esterase is 
described. 


It is a pleasure to express our indebtedness to both 
Mr G. S. Adair, F.R.S. and Dr D. W. G. Style for their 
invaluable advice on many points. 
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Observations on the Nicotinic Acid Requirements of Pigs 
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While a large number of methods or their modifi- 
cations has been described for the chemical estima- 
tion of nicotinic acid, the specificity of the rather 
complicated procedure has only seldom been con- 
firmed by biological test. The work of Harris & 
Raymond (1939) in this country and of Waisman, 
Mickelsen, McKibbin & Elvehjem (1940) in America 


may be quoted as the exception rather than the rule.* 
Both groups of workers used dogs, and it is obvious 
that in this country assays of this type are difficult 
to carry out. 

* The same remark may also be applied to the numerous 
methods for the microbiological assay of nicotinic acid (cf. 
Snell & Wright, 1941). 
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Chick, Macrae, Martin & Martin (1938 a, b) were 
the first to demonstrate the need for nicotinic acid 
in the nutrition of the pig, and since then Hughes 
(1938, 1943), Madison, Miller & Keith (1939) and 
Wintrobe (1939), have confirmed and extended these 
observations. Since it seemed to us that the pig 
might prove a suitable animal for the biological 
assay of nicotinic acid, the experiments described 
below were carried out. While this first attempt has 
not yet yielded a satisfactory method, information 
was obtained on the nicotinic acid requirements of 
pigs which it is thought worth while to report. 


EXPERIMENTAL 
Plan of experiment 


Twenty-four Large White normally developed and 
healthy weaners, about 9 weeks old, were selected 
from three litters of our own breeding, reared in- 
doors. One of the litters, no. 824, consisting of 
twelve pigs was divided on a weight basis into two 
lots of six pigs, lot 824A containing the six heavier, 
and lot 824B the six lighter animals. Another six 
pigs were chosen from a litter of nine, no. 1758, and 
a further six from a litter of seven, no. 1760. The 
initial average weights of the pigs from litters 824A, 
1758, 1760 and 824B were 34-2, 33-2, 28-2 and 
27-0 lb. respectively. Although there were con- 
siderable differences between the litters, the varia- 
tion within litters was small. One pig from each of 
two litters and two from the third were allocated 
by lot to one of the six experimental groups; each 
of the groups thus contained a representative of each 
litter, with the large litter represented twice. 

The individual feeding method was adopted. Each 
group occupied a pen provided with small individual 
feeding compartments into which the animals were 
let, twice daily, for about 30 min. to eat their food. 
Owing to shortage of accommodation, pigs in groups 
4, 5 and 6 had to be kept in two pens, each of which 
was provided with six individual feeding compart- 
ments. This meant that two pigs from group 4 shared 
a pen with group 5, and two with group 6. No 
bedding was provided and straw was rigidly ex- 
cluded. Part of the concrete floor was, however, 
covered with wooden boards to provide a comfort- 
able resting place for the animals. 

All six groups received the diet deficient in nico- 
tinic acid used by Chick et al. (1938 a, 6) and con- 
sisting of ground yellow maize 77-5, pea meal 10-5, 
purified casein* 6-5, cod-liver oil 3, mineral mixture 
2-5, all parts by weight. The mineral mixture was 
composed of calcium carbonate 2, bone ash 2, com- 
mon salt 1, ferric oxide 0-08 parts. The meal mixture 
was mixed by hand in the piggery. The chemical 


* G. L. Casein Cl (Lactic casein, unextracted) purchased 
from Glaxo Laboratories Ltd., Greenford, Middlesex. 
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analysis of the meal mixture is given in Table 1, 
The meal was weighed out and fed twice daily as a 
wet mash, 3 lb. of water being at first used for each 


Table 1. Analysis of the basic diet 


(%) (%) 
Moisture 12-7 Carbohydrate 60-0 
Crude protein 15:3 Fibre 1:8 
Fat 6-3 Ash 3-9 


Ib. of meal. This amount did not mix properly with 
the meal, and the quantity had to be reduced to 
approximately 2 lb./lb. of meal. This was enough to 
satisfy the requirements of the pigs which on a 
number of occasions refused water given separately. 
The quantity of meal fed daily was based on a 
normal scale for fattening pigs (cf. Braude & Foot, 
1942). The pigs were weighed on Mondays, Wednes- 
days and Fridays, and the quantity of food given was 
adjusted for live-weight after each weighing. Details 
of the different groups are given in Table 2. 

Groups 2 and 3 were selected by lot as ‘positive 
controls’. The pigs in group 2 received in addition to 
their meal 10 mg. of nicotinic acid daily. The nico- 
tinic acid was dissolved in acidulated distilled water, 
the required quantity measured out each day and 
added directly to the individual troughs just before 
the afternoon feeding, together with 15 g. of casein 
to balance the additional protein provided by the 
supplement of yeast given to group 3. The pigs in 
group 3 received in addition to their meal 30 g./pig 
daily of fodder yeast,* added directly to the troughs 
at each afternoon feeding and mixed well with the 
meal. The nicotinic acid content of this yeast was by 
chemical test about 215 pg./g. and about 6-5 mg. in 
the daily dose. 

The pigs in groups 4, 5 and 6 were given at first 
only the basic diet. It was planned that as soon as 
they became depleted the pigs in group 4 would 
receive 2 mg., those in group 5, 4 mg. and those in 
group 6, 8 mg. of nicotinic acid/pig daily. It soon 
became obvious, however, that the speed of de- 
pletion varied markedly from pig to pig, and some 
pigs showed signs of deficiency at a time when their 
pen-mates were still growing at a normal rate. It 
was then decided to dose the animals individually as 
and when they ceased to grow. By then, however, 
one animal, pig no. 2072 from group 6, had already 
died and one or two more were too seriously affected 
to improve when given nicotinic acid. 

The pigs in group 1 were allowed to develop the 
deficiency symptoms and were then given a single 
dose of 30 mg. of nicotinic acid/pig. This method 
was successfully used with dogs by Schaefer, 
McKibbin & Elvehjem (1942) and by Smith, Carry & 
Hawfield (1943) for nicotinic acid assays. It measures 


* Kindly provided by Dr A. C. Thaysen. 


=a 





946 


oy, 
iS a 
ach 


ith 


re 


ig 


he 





Vol. 40 


the growth response and the time required for 
symptoms of deficiency to reappear after the ad- 
ministration of a known quantity of the substance 
which is being assayed. As soon as the symptoms 
reappear the dosing can be repeated. 

The experiment commenced on 6 October 1944 
and continued till the end of March 1945, thus in- 
volving the full fattening period of a bacon pig. 

Group wt. 

(Ib.) 
300 


280 
260 
240 
220 


200 


100 
0 
Fig. 1. Mean 
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growth curves of groups of four pigs receiving the basic diet deficient in nicotinic acid alone 
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The average individual daily live-weight gains 
were as follows: 


Group 2, basic diet + 10 mg. nicotinic acid ..._ 0-88 lb. 
Group 3, basic diet + 30 g. dried — 0-88 Ib. 
Group 1, basic diet alone 0-34 Ib. 
Group 4, basic diet alone 0-39 Ib. 
Group 5, basic diet alone 0-48 Ib. 
Group 6, basic diet alone 0-30 Ib. 


/ 
4 
ae 
aon 
4 ff 
4% 
4: 
Bd 
a 3 
e % 
4e¢ 
4 
4. 
a4 
Pos 
fis 
4s 
Ox 
as 
ce 
Oi 
ae 
4. 
M2 
a9 
4. 
as 
4. 
f. 
cs 
4. 
4.° S 
an* O 
4 0 
a py 
“a 
£ 
“ 2 
9 sao 
O 
<a 


Groups (4 animals) 
Basie diet + 30g. yeast daily ——-~- Group 2 
Basic diet +10 mg. nicotinic acid daily Group 3 
o—o Group 4 


ea 5 o—e Croup 5 
Basie diet only 


ei Group 6 


Group | 


50 Days 


or supplemented with yeast or nicotinic acid. 


RESULTS 
The effects of dietary deficiency and of dosing 
with nicotinic acid 


The growth of the pigs. On the 47th day of the 
experiment pig no. 2072 receiving the basic diet died. 
The growth curves up to that date of the pigs in the 
six experimental groups are presented in Fig. 1. 


There can be no doubt that the pigs in the two 
‘positive control’ groups, i.e. those receiving a 
supplement of 10 mg. of nicotinic acid or of 30 g. of 
yeast, grew at a much better rate than the pigs 
receiving the basic diet alone. Although there was 
some variation between individuals in each of the 
groups it is clear that the basic diet was deficient in 
nicotinic acid. Apart from subnormal growth, some 
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850 
of the pigs affected scoured badly, refused food and 
became thin and emaciated. Their breathing was at 
times laboured and on occasion they looked some- 
what lethargic. 

Fig. 2 presents the individual growth curves of the 
pigs, and Table 2 details of their treatment. 


The ‘positive control’ groups. All eight pigs in the ‘ positive 
control’ groups grew at a very satisfactory rate and no 
adverse symptoms of any kind were observed. On the 94th 
day of the experiment it was decided to discontinue the 
nicotinic acid supplements which these pigs had so far been 
receiving daily, in order to see whether symptoms of de- 
pletion could be produced in older pigs. The average daily 
gains in weight of the pigs up to that time were 1-22 lb. for 
group 2 (10 mg. nicotinic acid daily) and 1-21 Ib. for group 3 
(30 g. yeast daily). It is apparent from Fig. 2 that growth 
was very uniform throughout. 

One pig in each group, no. 2081 in group 2 and no. 2084 in 
group 3, both belonging to the lighter half of litter 824, 
reacted immediately and drastically to the removal of the 
supplements. They refused a considerable portion of food, 
lost weight and rapidly became thin. The remaining pigs in 
both groups did not appear affected by the change of the diet 
and continued to grow at a very satisfactory rate. 

The two affected pigs were taken out of their pens, put 
together in a separate pen and given again the nicotinic acid 
supplements on the 98th day of the experimental period. 
Both gradually took to the food and after a few days became 
normal, and resumed growth at a normal rate. On the 145th 
day their nicotinic acid supplements were again withdrawn. 
It can be seen from Fig. 2 (groups 2 and 3) that on this 
occasion the two pigs reacted only very slightly to the change 
and continued to grow normally until they were slaughtered 
on the 157th day of the experiment. 

The remaining three pigs in each of groups 2 and 3 con- 
tinued to grow normally though they were receiving only 
the basic diet. Their average daily live-weight gains up to 
the 138th day of experiment when the diet was again changed 
were 1-04 lb. in group 2 and 1-05 lb. in group 3. 


It was obvious that the removal of nicotinic acid 
from the diet had much less effect on pigs weighing 
about 140-150 lb. than on young weaners. Now 
only two pigs out of eight showed signs of deficiency, 
and even these two later resisted deprivation of 
nicotinic acid. Three possible explanations of this 
behaviour were considered. (1) The pig requires 
nicotinic acid only for the early stage of its growth. 
(2) Older pigs are able to synthesize the factor either 
in their body or with the help of intestinal bacteria. 
(3) Pigs can store nicotinic acid in their organs and 
make use of it when given a diet deficient in this 
factor. 

In recent years the existence of microbial synthesis 
of vitamins in the gut has been firmly established, 
and it has been shown that even non-ruminants can 
under certain conditions derive benefit from the 
vitamins so formed (cf. review by Kon, 1945). 
Ellinger, Coulson & Benesh (1944) indicated that the 
nicotinamide requirement of man can be to some 
extent covered by the contribution made by the 
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intestinal microflora. To find out whether the same 
was true of our pigs we gave to pigs nos. 2073 and 
2056, and 2074 and 2065 respectively in groups 2 
and 3, which were growing normally on the diet 
deficient in nicotinic acid, 15 g. of succinyl sulpha- 
thiazole/pig daily for 7 days, starting on the 139th 
day of the experiment. A third pig in each of the 
groups, selected by lot, was left untreated. Urine 
samples were collected before and after treatment, 
and analyzed for nicotinamide methochloride by the 
method of Coulson, Ellinger & Holden (1944). The 
results of the urine test were inconclusive. The pigs 
receiving the drug continued to grow normally, and 
were apparently not affected in any way. On the 
157th day all six pigs were slaughtered. 


The pigs receiving daily 2, 4 and 8 mg. of nicotinic acid. The 
growth of pigs in groups 4, 5 and 6 up to the 47th day of 
the experiment has already been mentioned on p. 845. On 
that day the first death occurred on the diet deficient in 
nicotinic acid. Pig no. 2072 (litter 824 B) from group 4 had 
stopped growing after a fortnight on the basic diet. It was 
not given nicotinic acid supplement as most of its pen-mates 
were still growing, and it was originally the intention to 
avoid dosing some pigs and not others within the same pen. 
As already stated, however, we had to modify this pro- 
cedure, and subsequently started dosing each pig as the 
symptoms of deficiency became obvious. 

Fig. 2, group 4, gives growth curves and details of dosing 
of pigs.in group 4. From the 56th day of experiment two 
pigs in this group, nos. 2085 and 2062, received a supplement 
of 2 mg. of nicotinic acid/pig daily. When the treatment 
was started these pigs were showing deficiency symptoms. 
Both responded to the dose and resumed growth. They 
grew normally until they were removed from ‘the pens in 
which hitherto they were together with pigs receiving 
higher doses of nicotinic acid. The separation was carried 
out as soon as alternative accommodation became available. 
Pig no. 2062 separated on the 112th day of the experiment 
died within 6 days, while pig no. 2085 separated on the 
119th day died 3 days later. Extremely cold weather pre- 
vailed during the week in January when these two deaths 
occurred, and it is quite possible that the lowered tempera- 
ture in the piggery contributed to the death of the pigs 
weakened by a deficient diet. 

The third pig in this group, no. 2064, continued to grow, 
after an initial setback, without any nicotinic acid supple- 
ment. This pig was housed with the pigs of group 6, and after 
a time it became apparent that it was benefiting in some way 
from the supplements which its pen-mates were receiving. 
Taking this into account it was decided on the 89th day of the 
experiment to house this pig separately. Within a few days 
it showed severe symptoms of deficiency, and a daily dose of 
2 mg. nicotinic acid started on the 97th day had no bene- 
ficial effect. The pig continued to decline rapidly and on the 
105th day the dose was increased to 8 mg. daily, without 
effect, however. A 100 mg. dose given on the 122nd day 
was equally ineffective and the pig, which by then was in a 
very poor condition, scouring severely and breathing very 
heavily, died on the 123rd day. 

In group 5, three pigs developed deficiency symptoms and 
were given 4 mg. of nicotinic acid/pig daily during the week 
which started on the 52nd day of the experiment. Pig 
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no. 2083 belonging to litter 824 B was given the supplement 
on the 52nd day. At that time it was already in a bad con- 
dition which gradually became worse, and it died 6 days 
later. 

Pig no. 2067 was given the supplement on the 59th day. 
It was then scouring very badly and was generally in a poor 
condition. For about 10 days the treatment did not seem to 
have much effect, the pig getting gradually worse. After a 
fortnight, however, a definite improvement was observed 
and the pig started putting on weight at about normal rate. 
It suffered a setback on the 115th day of experiment, 
possibly associated with the very cold weather prevailing at 
the time. It recovered, but within a few days was scouring 
again and on the 140th day was in such a poor condition that 
it was decided to increase its nicotinic acid supplement to 
8mg./day. From that date the pig, although still scouring 
for some time, started to put on weight and eventually 
attained a normal rate of growth and was sent to slaughter 
on the 171st day. 

Pig no. 2057 was given 4 mg. of nicotinic acid from the 
54th day onward and responded with a fairly normal growth 
until the 108th day, which coincided with the very cold 
weather period. It refused food and died on the 114th day. 

The fourth pig in this group, no. 2075, grew at a normal 
rate. Its behaviour in the pen, however, made it obvious 
that it was benefiting from the supplement given to its pen- 
mates; it would follow them about when they left their 
feeding pens, and lick their snouts. On the 89th day the 
pig was taken out of the pen and housed separately. Within 
a week deficiency symptoms became apparent; the pig lost 
appetite and weight and its breathing became laboured. On 
the 98th day daily dosing with 4 mg. of nicotinic acid was 
started. At first the pig responded well to the dose, but 
within a fortnight deficiency symptoms reappeared, and the 
dose was increased to 8 mg. The pig soon recovered and con- 
tinued to grow normally until it was slaughtered as a full 
baconer on the 171st day of experiment. 

In group 6 all four pigs gradually developed the deficiency 
symptoms. Pig no. 2080 from litter 824 B succumbed at a 
very early stage, on the 52nd day, before curative treatment 
was started. Within a fortnight the remaining three pigs 
were showing symptoms and were given the daily dose of 
8 mg. of nicotinic acid. Dosing of pig no. 2076 which had 
previously had a setback from which it partly recovered was 
started on the 53rd day, that of pig no. 2059 on the 63rd day 
and of pig no. 2063 on the 66th day of experiment. All three 
pigs responded to the treatment. Pig no. 2076 had two 
obvious setbacks from which it recovered spontaneously, 
and was finally slaughtered on the 171st day of experiment, 
having attained bacon weight. Pig no. 2063, after a rather 
slow start, eventually grew at a normal rate and attained the 
same weight at slaughter on the 171st day as pig no. 2076. 
Pig no. 2059 grew at a normal rate until the 150th day of the 
experiment when, during a fight, it was severely bitten on 
the tail and bled profusely. It completely lost control of its 
legs, becoming paralyzed, and within a week stopped eating. 
It could not get up even with assistance, had to be separated 
from its group-mates, and be fed when lying down. It was 
decided not to disturb it by further weighing. The pig was 
kept until the 171st day of experiment when, together with 
its group-mates, it was sent to slaughter. 

Pigs dosed intermittently with large doses of nicotinic acid. 
In group 1, three pigs, nos. 2079, 2066 and 2078, were 
showing deficiency symptoms on the 54th day of experiment. 
They were then given a single dose of 30 mg. nicotinic acid. 
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The fourth pig, no. 2058, which at that time appeared to be 
normal, was separated from the remainder of the pen. It 
would not, however, settle down in a pen on its own and had 
to be brought back to its group; it received 30 mg. nicotinic 
acid on the 56th day. 

Pig no. 2078 which belonged to litter 824B became very 
ill after a short initial improvement, refused food and its 
breathing became laboured. It died on the 66th day. 

Pig no. 2066 which, when given its dose, was scouring 
heavily, responded to the treatment and grew fairly satis- 
factorily for about 18 days, the scouring having stopped. On 
the 74th day, however, the scouring reappeared, the pig 
refused food again and was losing weight when, on the 82nd 
day, it was given another dose of 30 mg. of nicotinic acid. It 
again responded to the dose, but within a week was ill again. 
On the 94th day another 30 mg. dose was given, but this 
time with no effect at all. The pig’s condition became worse 
and it died on the 101st day. 

Pig no. 2079 responded satisfactorily to the first dose of 
nicotinic acid, but after about a fortnight started scouring, 
and its condition deteriorated. On the 77th day it was given 
another single dose of 30 mg. nicotinic acid, responded to it 
again and for about 6 weeks grew at a fairly normal rate. At 
the end of this period it again developed deficiency symptoms 
and was dosed further on the 115th day. It again improved, 
but after about 3 weeks had a relapse and was given a 
fourth dose on the 138th day which enabled it to grow 
at a fair rate until it was slaughtered on the 171st day of 
experiment. 

Pig no. 2058 was given a dose on the 156th day before 
showing any symptoms and continued to grow at a normal 
rate until it was slaughtered on the 171st day of experiment. 
Changes in the slope of its growth curve (Fig. 2, group 1) 
which coincide with the administration of nicotinic acid to 
its pen-mate suggest that it was benefiting in some way from 
the vitamin given to the latter. 


Pathological findings 


Asummary of the main pathological and bacterio- 
logical findings is given in Table 2. Every pig which 
died was examined and cultures were made from the 
lungs, intestinal contents and mesenteric lymph 
nodes. Those pigs that survived until bacon weight 
and were eventually slaughtered for bacon were not 
studied except that the lungs of eight of them were 
brought back to the laboratory for bacteriological 
and histological examination. 

Skin. Chick et al. (1938 a, 6) described scurfy, 
scabby skin and dermatitis in pigs on a pellagra- 
producing diet, improving with nicotinic acid 
addition. Other writers have since referred to 
changes in the skin, but usually to a dirty and scurfy 
skin and not to actual dermatitis. Worden & Slavin 
(1944) found the skin normal in pigs receiving diets 
deficient in nicotinic acid. 

None of the pigs in the present experiments 
showed dermatitis although ailing pigs had a rough 
staring coat. It is possible that some of the skin 
lesions described in pigs on deficient diets, parti- 
cularly when the changes were prominent about the 
ears, were due to sarcoptic mange. 
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Mouth lesions. Ulceration of the buccal mucosa 
was described by Miller & Rhoads (1935) in pigs 
which developed achlorhydria and anaemia on a 
modified Goldberger black-tongue diet. Four of the 
pigs in the present experiments showed at autopsy 
small areas of ulceration of the buccal mucosa. The 
ulcers were 2-5 mm. in diameter and were situated 
in the region of the incisors and canines and where 
the buccal mucosa is reflected from the outer surface 
of the gum to pass up the inside of the cheek. The 
lesions would readily be missed if not particularly 
looked for. 

Necrotic enteritis. It is agreed that necrotic en- 
teritis is a fairly constant finding in nicotinic acid 
deficiency in pigs, although Miller & Rhoads (1935) 
and Hughes (1938) do not refer to its presence in 
animals on a pellagra-producing diet, though the 
animals of Hughes (1938) recovered when nicotinic 
acid was added. Birch, Chick & Martin (1937) found 
necrotic enteritis affecting the whole of the caecum 
and upper half of the large intestine of pigs receiving 
a diet deficient in nicotinic acid. 

We found the condition in five of the nine pigs 
which died in our experiment. The extent of the 
lesions varied from an area of about 10 sq.cm. in the 
caecum in one animal (pig no. 2057) to the whole of 
the caecum and large intestine down to within a 
few cm. of the anus, with about one-quarter of the 
mucosa necrotic (pig no. 2066). 

Anaemia. Birch et al. (1937) found a progressive 
simple anaemia in their deficient pigs. Addition of 
iron salts was without effect. Worden & Slavin 
(1944) made a similar observation, and most workers 
seem agreed on this point. 

Unfortunately, no haemoglobin determinations 
were made in our experiments and, although slight 
anaemia was a constant finding at autopsy, it was 
never as severe as is found in piglet anaemia due to 
deficiency of iron. 

Association with Salmonella suipestifer. Birch et 
al. (1937) failed to isolate S. suipestifer or any other 
pathogenic organism from affected pigs, and this 
finding was confirmed later (Chick e¢ al. 19386). 
Worden & Slavin (1944) isolated the organism from 
the mesenteric lymph nodes only of one of two pigs 
which died on the deficient diet. It seems unlikely 
therefore that this organism is concerned in pro- 
ducing the lesions. This is confirmed by our own 
inability to isolate it from any of the nine pigs which 
died, including the five pigs with lesions of necrotic 
enteritis. It seems likely that the infectious enteritis 
of swine associated with S. suipestifer is a different 
condition. 


Breed (1942), for instance, attempted to differentiate 
necrotic enteritis from infectious enteritis (salmonellosis). 
The former disease is characterized by slow onset, little or no 
pyrexia, necrotic enteritis of the caecum and large intestine, 
absence of acute inflammatory changes, no splenic enlarge- 
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ment and no changes in any lymph nodes other than those 
draining the affected part of the intestine. Infectious en- 
teritis, on the other hand, is sudden in onset, associated with 
pyrexia, gastric haemorrhage and often ulceration, acute 
enteritis with necrotic changes, enlarged and congested 
spleen, renal haemorrhages, and lymphadenitis of all the 
lymph nodes. 

In this connexion it is of interest to note that recent 
attempts to produce enteritis by administration of cultures 
of S. suipestifer from naturally affected pigs, using a variety 
of strains, have been unsuccessful (Gwatkin & Moyniham, 
1944, 1945). Even by lessening resistance by chilling the 
animals it was not possible to reproduce the condition. It is 
difficult to’ explain the apparently consistent success of 
Murray, Biester, Purvin & McNutt (1927) and of Biester, 
Murray, McNutt & Purvin (1928) in reproducing necrotic 
enteritis by feeding S. swipestifer to pigs. These authors 
mentioned ulceration of the buccal mucosa in three of the 
pigs and gave an excellent account of the pathology of the 
condition and of the part played by S. suipestifer and by 
Fusiformis necrophorus in causing the necrotic lesions. They 
give, unfortunately, no adequate details of the actual 
organism used and no information as to the diet employed. 

Lung lesions in the present experiments. All nine 
pigs which died when receiving diets deficient in 
nicotinic acid showed pneumonic changes in the 
lungs. Both lungs were always involved, and the 
extent of the lesions varied from one-quarter to two- 
thirds of the total volume of lung tissue. Affected 
areas were consolidated, sank in water, and were 
usually covered by an inflamed pleura with a 
fibrinous deposit and, in cases of some standing, by 
fibrous adhesions between visceral and _ parietal 
layers. All lungs affected with pneumonia yielded 
Pasteurella septica, except in one animal in which all 
cultures were contaminated by ‘spreaders’. In five 
animals a member of the Haemophilus group was also 
obtained, and in one of them Esch. coli was isolated in 
addition. 

A sero-fibrinous pleurisy was present in one of the 
two pigs which died on a nicotinic acid-deficient diet 
in the experiment described by Worden & Slavin 
(1944), but it is not stated whether a pasteurella was 
isolated. 

The lungs of eight animals which reached bacon 
weight and were quite healthy were examined 
bacteriologically. Five showed small pneumonic 
areas and from three of them a haemophilus was 
isolated; cultures from the fourth animal remained 
sterile. The lungs of the fifth pig showed areas of 
consolidation and an apical abscess in each lung; 
Pasteurella septica was isolated from the lung tissue 
and a haemophilus, «-haemolytie streptococci and 
Corynebacterium pyogenes from the abscesses. Three 
of the eight animals had macroscopically normal 
lungs, and cultures from these were sterile. 

The pneumonia did not appear to be contagious, 
since sick animals remained in the same pen as 
healthy ones without the latter becoming affected. 
The ultimate cause of death in most of our animals 
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was pneumonia. A fibrinous pleurisy and peritonitis 
with adhesions was a common finding. The exact 
part played by Pasteurella septica and the haemo- 
philus is not clear. The presence of a haemophilus 
suggested the possibility of the swine influenza virus 
being present, but several attempts to demonstrate 
it by intranasal instillation of lung material into 
ferrets were unsuccessful. 

The deaths usually occurred during cold spells, 
and it seemed that chilling, together with a de- 
ficient diet, allowed the Pasteurella, Haemophilus 
organisms, and possibly a virus, to multiply. 

That a pasteurella is widespread in the piggery is 
shown by the fact that it was isolated from the lungs 
of several apparently normal pigs and also from 
pneumonic lungs of pigs in several other experiments 
during recent months. 


DISCUSSION 


Our findings confirm the view of Chick et al. (1938 a, b) 
that the diet used by them is deficient in nicotinic 
acid and does not by itself support the growth of 
pigs. All sixteen of our pigs which received from the 
beginning of the experiment the basic diet alone 
sooner or later ceased to grow and showed symptoms 
of deficiency. We have aiso confirmed that the short- 
comings of this diet can largely be made good by the 
addition of yeast or of nicotinic acid. In fact, pigs 
which received the basic diet supplemented with 
either 30 g. of fodder yeast or 10 mg. of nicotinic 
acid daily grew at rates well within the normal range 
of those obtained under our conditions with good 
practical rations. Chemical tests showed that the 
daily supplement of yeast provided about 6-5 mg. of 
nicotinic acid, and it may be taken therefore that 
from 6-5 to 10mg. daily.is ample to satisfy the 
nicotinic acid requirements of pigs receiving the diet 
of Chick et al. (1938 a, b). 

Further light on the need of the pig for nicotinic 
acid was thrown by the curative tests. These showed 
that 2 or 4 mg./pig daily did not allow satisfactory 
recovery once deficiency symptoms became mani- 
fest. On the other hand, provided the animal was 
not too far gone, 8 mg. generally restored normal 
growth and performance. 

The results of the curative tests agree well with 
the findings in the prophylactic experiments and 
confirm the view that the needs for nicotinic acid of 
young pigs receiving the diet of Chick et al. (19384, b) 
are met by a daily supply of 6-5-10 mg. It is possible 
that a dose of 4-5 mg. would be sufficient. 

The puzzling observations with pigs in the later 
stages of fattening make it much more difficult to 
assess their requirements. With two exceptions pigs 
which had reached the weight of about 140 Ib. con- 
tinued to grow at a normal rate when the nicotinic 
acid supplement was withdrawn, and the rate of 
growth was not affected by the administration of 
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succinyl sulphathiazole. With dogs receiving a diet 
of the same type as ours, West (1941) noticed that 
sulphapyridine inhibited the curative action of 
nicotinic acid. Very recently, however, Najjar, 
Holt, Johns, Medairy & Fleischmann (1946) re- 
ported that they had been unable to suppress the 
biosynthesis of nicotinamide in man by administra- 
tion of succinyl sulphathiazole. 

Even the two pigs which were at first affected by 
the withdrawal of nicotinic acid but recovered when 
the supplement was resumed, were later able to 
grow satisfactorily without further additions. It is 
of interest that Wintrobe, Stein, Follis & Humphreys 
(1945), who used synthetic diets, found that pigs 
which received only vitamin B, and riboflavin bene- 
fited from an addition of nicotinic acid, but that they 
could dispense with this factor when pyridoxin, 
choline and calcium pantothenate were included. On 
the other hand, Schaefer e¢ al. (1942) produced 
typical black-tongue symptoms in dogs with a 
synthetic diet similarly supplemented but lacking in 
nicotinic acid. Wintrobe et al. (1945) criticized the 
use of the diet of Chick et al. (1938 a, b) on the score 
that it is deficient in factors other than nicotinic 
acid. While not denying this possibility we would 
point out that our pigs which received this diet 
supplemented only with nicotinic acid grew at a 
normal rate. According to Wintrobe et al. (1945) 
protein is the main shortcoming of this diet. As 
compounded by us it contained 15-3 % crude protein 
of good quality. Moreover, the supplement of yeast 
supplied approximately 15 g. of protein/pig daily. 
In the initial stages of the experiment when the pigs 
were consuming daily approximately 1 kg. of the 
diet this supplement would increase the dietary 
protein to about 17 %. The protein in the diet of the 
pigs which received crystalline nicotinic acid was 
similarly raised by the addition of extra casein. 

Recent work has shown that tryptophan can 
replace nicotinic acid in the diet of the rat (Krehl, 
Teply, Sarma & Elvehjem, 1945; Krehl, Sarma, Teply 
& Elvehjem, 1946; Krehl, Sarma & Elvehjem, 1946; 
Singal, Briggs, Sydenstricker & Littlejohn, 1946) 
and of the chick (Briggs, 1945), and it is highly 
probable that the same will prove true for the pig. 
The nicotinic acid requirement of this animal may 
therefore vary with the tryptophan content of its 
diet, and the values now quoted may be only of 
limited application. 

The pigs in groups 2 and 3 received some additional 
tryptophan in the casein and yeast supplements, 
which both contain about 1-2 % of the amino-acid 
(Block & Bolling, 1945). This small amount may 
have contributed to the effect of nicotinic acid which 
the pigs received simultaneously, but the perform- 
ance of the pigs in group 6 which received only 
nicotinic acid shows that the effect could not have 
been marked. 
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It will be recalled that in pigs receiving the diet 
deficient in nicotinic acid the symptoms were failure 
to maintain normal weight gain, refusal of food, 
scouring, and laboured respiration. No skin dis- 
orders of any kind were observed. The only constant 
lesion in pigs which died on the deficient diet was 
pneumonia; necrotic enteritis was present in only 
five of the nine animals. The effect of the diet 
deficient in nicotinic acid seems to have been to 
lower general resistance to infection so that the 
animals readily succumbed to pneumonia and septi- 
caemia associated with a pasteurella, particularly 
during cold weather, whereas litter-mates in the 
same pen but on a diet supplemented with nicotini¢ 
acid or yeast remained healthy. A haemophilus was 
also isolated from the lungs, and the presence of a 
virus such as that of swine influenza cannot be 
entirely ruled out. Pneumonia, with associated 
pleurisy and pericarditis, has been found in a 
number of animals in the piggery during various 
nutritional experiments and seems in no way 
specific to nicotinic acid deficiency. On the other 
hand, necrotic enteritis not associated with sal- 
monella infection, and ulcers of the buccal mucosa 
have not been seen among the large number of 
animals which died or were slaughtered during the 
past five years, and it seems that they may be 
specific lesions. 

We have pointed out in the body of this paper that 
the condition of some of the deficient pigs improved 
when their pen-mates were given nicotinic acid. The 
benefit may have been derived from the consumption 
of excreta, though this was never observed to any 
extent. Whatever the cause, this factor made quan- 
titative measurements more difficult, and there is no 
doubt that for such purpose individual pig pens are 
necessary. Apart from that, our results indicate that 
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the response of the pig to different levels of nicotinic 
acid would be sufficiently graded to form a basis of a 
quantitative growth test. Whether the relatively. 
large number of pigs necessary to provide groups of 
sufficient size would make it practicable is another 
matter. 

The method of intermittent dosing successfully 
used by Schaefer e¢ al. (1942) and Smith et al. (1943) 
with dogs might prove more satisfactory, and our 
preliminary results show that in certain cases the 
method might be made to work with pigs. It would 
certainly be worth while to investigate this possi- 
bility with individual pigs kept separately. 


SUMMARY 


1. The findings of Chick e¢ al. (1938 a, b) that the 
diet described by them causes symptoms of nicotinic 
acid deficiency in pigs have been confirmed. 

2. The amount of nicotinic acid needed to prevent 
or cure the deficiency caused by this diet is probably 
between 5 and 10 mg. daily, supplied either as food 
yeast or as the crystalline substance. 

3. Six out of eight pigs which received supple- 
ments of nicotinic acid until they reached a weight of 
140-150 lb. continued to grow at a normal rate 
when the supplement was discontinued, and their 
subsequent growth was not affected by the adminis- 
tration of succinyl sulphathiazole. 

4. The lesions found at autopsy in nine pigs which 
died during the experiments are described. 


We are indebted to Prof. Bosworth, Dr Lovell and Miss C. 
Clark, of the Research Institute in Animal Pathology, for the 
bacteriological examinations, to Dr 8. J. Rowland, of the 
National Institute for Research in Dairying, for the analysis 
of the diet, and to Dr A. C. Bottomley, of the same Institute, 
for the chemical estimation of the nicotinic acid in the yeast. 
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Haemoglobin of Gastrophilus Larvae. Purification and Properties 


By D. KEILIN anp Y. L. WANG, Molteno Institute, University of Cambridge 


(Received 25 May 1946) 


The object of this paper is the study of the haemo- 
globin of the larvae of Gastrophilus (horse bot fly) 
which live as parasites in the stomach of the horse. 
As the haemoglobin occurs only in certain stages of 
the development of this insect and is localized-in 
highly specialized cells, a brief account will be given 
of the life history of Gastrophilus intestinalis and the 
structure of the cells harbouring the pigment. 

Our knowledge of the life history of these flies is 
based partly upon an extensive study of the parasite 
in its normal host and partly upon its behaviour in 
small experimental animals (see Dinulescu, 1932). 
The latter applies especially to thestages immediately 
following the emergence of the larvae from their 
eggs. The life history of Gastrophilus thus recon- 
structed can be summarized as follows (Keilin, 
1944): 


‘The female fixes its eggs to the hairs of the horse, usually 
those of the legs, breast and abdomen. In about 5-6 days 
the larvae are completely formed but they emerge only on 
contact with the tongue of the host and penetrate under its 
epithelial layer, forming a superficial gallery. They migrate 
towards the pharynx, undergo the first moult, leave this 
gallery and become attached to the mucosa of the pharynx, 
especially under the epiglottis. They stay in this position 
only for a short time and then migrate into the stomach 
where they are found attached by means of their mouth 
hooks to the mucosa of the cardiac region. The larvae under- 
go a second moult and pass into the third stage which is 
usually reached within 45-60 days after the first moult. 
The larva grows rapidly and full-grown larvae are found 
already between October and November. They remain, 
however, in a quiescent stage at least 7-8 months, until May 
or June, and during this long period of quiescent life they 
feed very little and their respiratory activity is at its lowest. 
The larvae finally leave the alimentary tract, burrow them- 
selves into the soil or crevices in the ground, and pupate. 
The adult fly emerges from the pupa within 20-30 days.’ 


During the first period of life until the larva 
reaches the stomach its respiratory requirements are 
well satisfied by the rich oxygen supply in the sur- 
rounding medium. During the next 7-8 months of 
life within the stomach of the host the larva is 


immersed in a semi-fluid medium deficient in oxygen 
and depends on an intermittent contact with air 
bubbles mixed with ingested food. The respiratory 
system of the larva is, nevertheless, highly developed 
and specialized for the aerobic mode of life. It 
exhibits several important features which enable the 
larva to overcome the difficulties inherent in its 
peculiar surroundings. One of those features is the 
presence of an intracellular haemoglobin. 

The young larvae of Gastrophilus are of a uniformly 
red colour which, owing to the great transparency of 
the cuticle, shows that the haemoglobin is not 
restricted to one kind of tissue. In fact, on dissection 
the larva shows the presence of haemoglobin in the 
whole of the fat body, parietal musculature and 
hypoderm. As the larva grows the haemoglobin 
becomes localized in special cells forming a large red 
mass almost entirely occupying the posterior third 
of the body. These cells, which are known as tracheal 
cells, form an integral part of the respiratory or 
tracheo-spiracular system of the larva. Their dis- 
tribution in the body, their connexion with the 
tracheal system, their structure and development 
were dealt with in papers by Enderlein (1899), 
Prenant (1900), Portier (1911), Kemnitz (1916), 
Dinulescu (1932) and Keilin (1944). Of the five pairs 
of tracheae which originate from postabdominal 
spiracles, four pairs are exceptionally wide at their 
base but rapidly decrease in diameter, thus acquiring 
a distinctly conical shape. All along their surface 
they give off numerous branches of smaller tracheae 
which ramify and finally break up into numerous 
tufts of intraprotoplasmic tracheoles filling the large 
tracheal cells (Fig. 1 A, B). The latter vary some- 
what in size but the majority of them reach about 
350-400. in diameter, thus being visible to the 
naked eye. These cells are of a distinctly red colour 
owing to the presence of oxyhaemoglobin and are 
known as haemoglobin or tracheal cells. They pro- 
bably originate from fat-body cells by gradual 
differentiation and invasion by tracheae (Dinulescu, 
1932). In addition to haemoglobin, these cells are 
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very rich in glycogen and have a strong succinic- 
cytochrome system. In a much lower concentration 
haemoglobin is also present in cells of the fat body, 
muscles and proventriculus. All these tissues in 
very young larvae contain a much higher concen- 
tration of haemoglobin than in the older larvae. The 
haemoglobin does not, however, seem to disappear 
from these cells, but since its amount remains the 
same per cell, its concentration gradually diminishes 
in proportion to the growth of these cells. 
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formed, together with a large amount of glycogen 
liberated from the tracheal cells, makes further 
purification of the haemoglobin practically im- 
possible. 

Fresh blood of the larva, obtained by a small 
incision in its integument, is usually a clear yellowish 
solution almost free of haemoglobin. A full-grown 
larva of Gastrophilus weighing 0-37—0-44 g. contains 
between 0-1 and 0-13 ml. of blood. The blood of 
several hundred larvae collected in a vessel darkened 





Fig. 1. Haemoglobin cells of a full-grown larva of Gastrophilus intestinalis. A, a bunch of red tracheal haemoglobin- 
containing cells, x 85; B, one tracheal cell showing more clearly the intraprotoplasmic tracheoles filled with air, 
x 200. The single central nucleus of the cell is not represented. 


The tracheal cells containing haemoglobin enable 
the larva to make better use of an intermittent con- 
tact with air bubbles by taking up each time a much 
larger amount of oxygen than the amount which 
could be dissolved in the peritracheal tissues, were 
they devoid of haemoglobin. 


METHODS 
Extraction and purification of haemoglobin 


One of the greatest difficulties in the extraction and 
purification of haemoglobin from the tracheal cells 
is the presence in the perivisceral fluid or the blood 
of the larva of a strong phenol oxidase and its 
chromogen. On crushing the tissues of the larva in 
presence of blood, the pulp gradually darkens and 
the haemoglobin undergoes rapid oxidation to 
methaemoglobin. The melanin which is ultimately 


only on the surface, whereas the yellowish solution 
below the surface remained pale straw in colour. 
Later it gradually became opalescent and ultimately 
formed a very heavy flocculent precipitate. 


Extraction. A successful extraction of haemoglobin from 
the tracheal cells can be obtained only when the latter are 
well washed of all traces of the blood which surrounds them. 
For this purpose the larvae are cut open longitudinally with 
a small pair of scissors from the anterior end to a point about 
3-4 mm. from the posterior end of their body; care must be 
taken during this manipulation to avoid crushing the 
tracheal cells. The blood or perivisceral fluid of the larvae is 
allowed to drain off on a funnel and the bodies are washed by 
suspending them in physiological saline solution. Each larva 
is then stretched open and the red cluster of haemoglobin 
cells attached to their tracheae is cut out as one mass and 
dropped into physiological saline solution. The red masses of 
tracheal cells, usually attached by means of their tracheae 
to the postabdominal spiracles, are carefully washed free 
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Fig. 2. Two types of crystals of Gastrophilus methaemoglobin. A, x 300; B, similar crystals, x 425; C, x 145. 
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from the blood by several changes of saline solution and 
finally washed once in distilled water. 

The washed cells are ground in a mortar with a little dis- 
tilled water and the turbid red fluid strained through muslin. 
The residue in the muslin is returned to the mortar and 
extracted with more water, the manipulation being repeated 
three or four times until the residue is practically colourless. 
All the extracts are combined and saturated with CO, which 
tends to protect the haemoglobin from autoxidation to 
methaemoglobin. On centrifuging, the fluid shows a thin 
top fatty layer followed by the main bulk composed of 
bright red opalescent fluid and a thin layer of brownish 
deposit composed of cellular debris containing the complete 
cytochrome-succinic system and other intracellular enzymes. 
The opalescent red fluid is sucked off, saturated again with 
CO and treated with saliva in order to digest the glycogen. 
Within a few hours at room temperature the fluid becomes 
clarified, and this stock solution of haemoglobin was used for 
further purification by fractionation with ammonium sul- 
phate. The yield of purified haemoglobin and the ease of 
preparation depend to some extent on the state of the 
tracheal cells which varies with the time of year. The best 
yield of pure haemoglobin is obtained in February or March 
when the tracheal cells contain very little fat. Later in the 
year the number of fat droplets is gradually increased and 
the material becomes less suitable for the preparation of pure 
haemoglobin. However, for spectrophotometric investiga- 
tions or the study of the O, dissociation curve, haemoglobin 
purified to only 70 or 80% is more suitable than the com- 
pletely pure pigment, since the latter has a tendency to 
undergo oxidation to methaemoglobin. 

Fractionation with ammonium sulphate. The stock solution 
of haemoglobin was treated with solid (NH,).SO, to 0-7 
saturation and brought with n-NaOH to about pH 7. The 
mixture was cooled in ice and the precipitate when properly 
aggregated was filtered off and discarded. The filtrate was 
brought with (NH,),SO, to 0-85 saturation. The precipitate 
was filtered off, dissolved in the minimum amount of water 
saturated with CO and dialyzed against running water until 
free from (NH,).SO,. If any precipitate was formed, it was 
filtered off and discarded. If the solution was not optically 
clear, the treatment with (NH,),SO, was repeated and the 
fraction between 0-7 and 0-85 saturation again collected. 
The purity of haemoglobin thus obtained varies from 65 to 
80%. The purity of different fractions was determined from 
their haemin content estimated as pyridine haemochro- 
mogen, assuming that the best crystalline preparations, 
which were free from amorphous material and contained 
3-92% haemin, were 100% pure. 

In other preparations of purified haemoglobin no pre- 
cautions, such as CO treatment, were taken to avoid its 
oxidation to methaemoglobin. From 1200 larvae of Gastro- 
philus, a haemoglobin solution was obtained containing an 
equivalent of about 28 mg. haemin. The purity of the sample 
was about 76%. Such a sample was fractionated again with 
(NH,),SO,, giving the three fractions (A, B and C) shown in 
Table 1. Fractions A and B were combined, dialyzed, 
treated again with (NH,),SO, to 0-7 saturation and neutral- 
ized. After being kept in the cold overnight, the precipitate 
was filtered off and discarded. The solution was brought to 
0-75 saturation, and the precipitate from this fraction was 
collected and dialyzed to give a solution of about 99% 
purity, practically all in the form of methaemoglobin and 
containing altogether about 3-9mg. haemin. A second 
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fraction precipitated between 0-75 and 0-80 saturation 
reached 93% purity and contained 4-4 mg. haemin. 


Table 1. Properties of the three fractions of Gastro- 
philus haemoglobin separated by (NH,),SO, pre- 


cipitation 
(NH,),SO, Haemin Purity 
Fraction saturation (mg.) (%) 
A 0 -0-75 10-3 84 
B 0-75-0-78 6-0 85 
Cc 0-78-0-85 4:8 75 


A sample of the most highly purified haemoglobin when 
examined in the Tiselius apparatus was found to be a 
practically homogeneous protein with less than 5% of 
impurities. 

Crystallization. Crystallization of Gastrophilus haemo- 
globin was achieved by two slightly different methods: 

_ (1) Solid (NH,),SO, was added to a concentrated sample 
of purified haemoglobin until the solution showed a fine 
precipitate. A few drops of water were added just to dissolve 
the precipitate, and the vessel, loosely covered, was placed 
in an ice-chest. Crystals of methaemoglobin appeared a 
fortnight later. Larger crystals were produced by redis- 
solving these crystals in the minimum amount of water and 
seeding the fluid with the above crystals (Fig. 2 A, B). 

(2) A salt-free concentrated solution of purified haemo- 
globin was dialyzed against a saturated solution of (NH,),SO, 
until precipitation was almost complete. The suspension was 
centrifuged, the precipitate collected, transferred to a small 
cellophan tube and dialyzed in a small beaker against 0-6 
saturated (NH,),SO,. The beaker was placed in a small 
desiccator containing P,O, and kept in the ice-chest. A few 
days to several weeks later large crystals of haemoglobin 
appeared in the dialysis sac (Fig. 4 C). 


RESULTS 
Properties of Gastrophilus haemoglobin 


Haematin content and equivalent weight. The hae- 
matin content of Gastrophilus haemoglobin was 
determined on four purified preparations, two of 
which were composed of crystalline material. These 
samples were dialyzed against distilled water until 
completely free from (NH,),SO,, the slight pre- 
cipitate which appeared after dialysis being filtered 
off and discarded. The dry weights of the samples 
were determined in the usual way, and their hae- 
matin contents were estimated as pyridine haemo- 
chromogen either spectrophotometrically or by 
means of a microspectroscope and the double-wedge 
trough, using as standard a solution of pyridine 
haemochromogen prepared from pure haemin. 
Estimated in this way, the haemin contents of the 
above samples were 3-65, 3-73, 3-85 and 3-92 %, the 
highest value being probably that of the pure 
preparation. These results indicate that the equi- 
valent weight of Gastrophilus haemoglobin is about 
17,300, which is very near the values obtained for 
blood haemoglobin and myoglobin of vertebrates. 
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The molecular weight of Gastrophilus haemo- 
globin as shown by Adair, Johnston & Ogston (1946) 
is 34,000 + 3000. Itis very near the molecular weight 
of haemoglobin of two other invertebrates, the 
bivalve molluse Arca and the larva of Chironomus 
which, according to Svedberg & Pedersen (1940), are 
33,500 and 31,500 respectively. The molecule of 
Gastrophilus haemoglobin is therefore half the size of 
that of the blood of its host and contains two instead 
of four haem nuclei. 

Stability. The stability of the haemoglobin was 
determined by mixing a salt-free solution of the 
pigment with equal volumes of 0-1 m buffer solutions 
of different pH. For the alkaline range, borax and 
NaOH-Na,HPO,, and for the acid range sodium 
acetate-acetic acid buffers were used. The solutions 
were allowed to stand at room temperature and 
examined spectroscopically at intervals. The spectro- 
scopic observations were carried out either directly 
or after the addition of Na,S,0,. In the latter case 
the intensity of the absorption bands of the haemo- 
chromogen determines the degree of denaturation of 
the pigment. It was found in this way that the 
haemoglobin is stable between pH 4 and 9-5. Out- 
side that range it gradually undergoes denaturation, 
and at pH 11 a considerable degree of denaturation 
is obtained within a short period of time. 

Isoelectric point. The isoelectric point of the haemo- 
globin was determined in a Michaelis electrophoresis 
cell. The haemoglobin solution was dialyzed for at 
least 24 hr. against 0-01 M-phosphate or acetate 
buffers of different pH, and the same buffer solutions 
were used for filling the upper arms of the cell. A 
eurrent of 0-7-1-2mA. at 220 V. was used, the 
observations being recorded every 30 min. for about 
2hr. Owing to certain irregularities in the arms of the 
cell and the fact that the experiments were carried 
out at room temperature, the results obtained can- 
not be considered as strictly accurate. However, 
the isoelectric point obtained was 6-20+0-05 
(Table 2). 


Table 2. Migration of Gastrophilus haemoglobin in 
electrophoresis cell at different pH 


Migration Migration 
pH towards pH towards 
5-44 Cathode 6-22 Anode 
5-96 < 6-35 . 
6-12 oe 6-73 > 
6-16 9 6-94 ” 
7-32 + 


Absorption spectra of Gastrophilus haemoglobin 
and its derivatives 


The absorption spectrum of the oxyhaemoglobin 
was determined on samples of about 83% purity 
since more highly purified preparations of haemo- 
globin showed a tendency to oxidize to methaemo- 





D. KEILIN AND Y. L. WANG 





1946 


globin. The measurements were carried out with 
a Hilger-Nutting visual spectrophotometer, the 
solutions of haemoglobin being placed in a Thunberg 
tube fitted with a 2 cm. optical cell. The haematin 
content of the preparation was estimated as pyridine 
haemochromogen. The results of these measurements 


Table 3. Position of absorption bands of Gastrophilus 
haemoglobin and its derivatives 


«-band 
(mp.) 
581 
571-5 


B-band 
(my.) 
545 


540-5 


Haemoglobin and 
derivatives 
Oxyhaemoglobin 
CO-haemoglobin 

Haemoglobin 
Methaemoglobin 


558 
637 


,_HbCO 


‘Hb 


Bx 10-2 


0-6) 


04 


0-2 





0! A 
640 600 550 500 A 


my. 
Fig. 3. Absorption spectra of Gastrophilus haemoglobin, 
1 
oxyhaemoglobin and CO-haemoglobin. B=—_ loge r’ 
cx 
where c = concentration of haemoglobin in g.-atom Fe/ml., 
l=length of vessel in cm. and J, and J =intensities of 
incident and transmitted light respectively. Intervals 
between readings 1-10 my. 
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are shown in the curves of Fig. 3, and the positions of 
the maxima of the absorption bands in the visible 
region of the spectrum are shown in Table 3. 

The spectrophotometric curve shows a somewhat 
low value for the height of the «-band of oxyhaemo- 
globin. Since the sample contained at least 2% of 
methaemoglobin the real height of the «-band would 
reach about 3x10’. The distance between the 
maximum absorption of the bands of oxyhaemo- 
globin and CO-haemoglobin, in other words, the 
‘span’ (Anson, Barcroft, Mirsky & Oinuma, 1924) of 
this haemoglobin, is approximately 95-5 A. (Fig. 3 
and Table 3). This is an unusually high value, met 
with so far only in the case of the haemoglobin in 
the nodules of leguminous plants (Keilin & Wang, 
1945). In all other haemoglobins the span varies 
from about 48 to 56 A. (Anson etal. 1924). According 
to Roche (1932) and Theorell (1934a, b), on the other 
hand, the span of myoglobins has an exceptionally 
low value of about 32 A. 


Determination of the oxygen dissociation curves 


Since the amount of Gastrophilus haemoglobin 
available was always limited, the manometric or 
gasometric methods for the study of the oxygen 
dissociation were unsuitable and had to be replaced 
by a spectroscopic method. The method we adopted 
was based on that described by Hill (1936) and by 
Hill & Wolvekamp (1936), with certain modifications 
due to the somewhat different type of apparatus we 
used. The principle of this method consists in 
matching the absorption spectra of a solution of 
haemoglobin kept in a Thunberg tube and equili- 
brated at different pressures of O, with the absorp- 
tion spectra of optical mixtures of oxyhaemoglobin 
and reduced haemoglobin kept separately in the two 
compartments of a double-wedge trough. 

The solution of oxyhaemoglobin was completely 
deoxygenated by evacuation of the Thunberg tube, 
and definite amounts of O, were introduced into the 
tube in the form of an oxyhaemoglobin solution of 
the same concentration but saturated with air. In 
this way, whilst keeping the concentration of haemo- 


| globin in solution constant, very small and perfectly 


measurable amounts of O, could be repeatedly intro- 
duced into the tube. 


Description of apparatus. The oxygen dissociation curves 
were determined both for strong and weak solutions. The 
concentration of haemoglobin in a strong solution was about 
1x 10-*¢g.-atom Fe/l., which is 50-75 % of the concentration 
in the tracheal cells, whereas its concentration in a weak 
solution was about one-tenth of that of the strong solution. 
To make possible the accurate spectroscopic examination of 
avery thin layer of the strong solution of haemoglobin, we 
used a modified Thunberg tube with an internal diameter of 
15-2 cm. in the upper part and 1 cm. in the lower part 
(Fig. 4). The tube is provided with a glass plunger filled with 
distilled water and sealed. The plunger is 4 cm. long and 
about 0-88 cm. in diameter. It is slightly wider at both ends 
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which are ground to fit closely the lower portion of the 
Thunberg tube. Two longitudinal grooves are cut in the 
surface of the enlarged portions of the plunger, thus allowing 
it to slide easily ingand out of the terminal portion of the 
tube, displacing the fluid which escapes through the grooves. 
The middle portion of the plunger should be of uniform 





Fig. 4. Modified Thunberg tube for study of the oxygen 
dissociation of Gastrophilus haemoglobin. A, complete 
tube with the plunger (p) within the wider portion of 
the tube; B, lower portion of the tube with the plunger 
in the position for spectroscopic examination; a and }, 
sections of this portion of the tube at two levels of the 
plunger; g, the side grooves in the end portions of the 
plunger. 


diameter for at least 1 cm. of its length. Plungers with 
different external diameter of the middle portion were avail- 
able for use according to the strength of the haemoglobin 
solution under investigation. The total capacity of the 
Thunberg tube with the plunger in position is about 14 ml. 

Dilute solutions of haemoglobin were studied in a Thun- 
berg tube, to the end of which was fused a 2 cm. cell with 
optical glass end-plates. 

The Thunberg tube of either of these two types used in our 
experiments is immersed vertically in a water-bath fitted 
with glass side windows and kept at 39-40°. To avoid any 
accidental displacement, the tube is supported by a well- 
fitting collar (Fig. 5 A). The spectroscopic measurements are 
carried out by means of a microspectroscope ocular fitted 
into a microscope (Fig. 5 B). A double-wedge trough 15 cm. 
long and 2-3 em. wide (inside measurements) is placed close 
to the aperture (d) on a brass platform ¢ which is attached to 
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the microscope by means of the ring 6. The exact position of 
the trough in relation to the aperture d is read on the scale 
fixed to the brass platform and covered by a sheet of glass 
upon which the trough slides easily. The trough is illuminated 
by means of an 8 V. bulb (f) with a compact filament. The 
objective of the microscope was removed, and the clarity of 
the absorption spectra was much improved by inserting into 
the microscope tube a Ramsden ocular, after removing its 
attachment ring (7, Fig. 5 B).* 
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Procedure. The concentrated solution of haemoglobin 
(0-5 ml.) is introduced into the Thunberg tube, and the 
plunger is slid down into its lower portion. The height of the 
solution is marked with a diamond on the outer surface of 
the tube. A separate portion of this haemoglobin solution is 
diluted 10 times with phosphate buffer pH 7-3 and introduced 
into one compartment (e,) of the double-wedge trough, the 
other compartment (e,) being filled with water. While 
keeping the illumination of the two spectra equal by means 


Ec 


aaa 


tlveefesnafeaesfeersfareafin 
MIM 
Lz Z| 
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S 


Fig. 5. Complete outfit for the spectroscopic study of the oxygen dissociation of haemoglobin. A, water-bath with the 
Thunberg tube (t) in position; cl, collar within which the tube can be rotated; p, the plunger; pt, pipette attached 
to the external outlet of the Thunberg tube; J, microscope lamp and its lens. B, microscope with the spectroscope 
ocular (a) and Ramsden ocular (i) inserted into microscope tube; b, the ring which attaches the horizontal platform (c) 
upon which slides the double-wedge trough showing its two compartments e, and e, in front of the side opening d 
of the spectroscope. C, face view of platform ¢ and two compartments (e, and ¢,) of the double-wedge trough. 


The bath with the Thunberg tube in a fixed position is 
placed in front of the microscope. The beam of light from the 
microscope lamp, rendered parallel by means of a lens, passes 
through an adjustable vertical slit on to the middle portion 
of the plunger within the Thunberg tube. This pencil of 
light is reflected from the concave mirror of the microscope 
and passes through the substage condenser into the micro- 
spectroscope ocular. The intensities of light of both the 
microscope lamp and the side bulb are controlled by two 
independent rheostats. 


* A similar outfit was previously used for the study of 
other problems connected with blood pigments (Keilin, 
1933; Keilin & Hartree, 1946). 


of rheostats, the trough is moved along the platform towards 
the left and the position at which the two spectra match is 
read off from the scale. From several readings taken while 


‘the Thunberg tube is turned within the fixed collar the mean 


value (a) is obtained. The solution of oxyhaemoglobin in the 
compartment e, of the trough is now diluted until the 
absorption spectrum of the pigment in the Thunberg tube 
matches that of the maximum width (2-3 cm.) of the trough; 
in other words, when the reading of the trough is at 15. The 
dilution factor y=a/l, where a is the mean value of previous 
readings and 1 is the internal length of the trough (=15 cm.). 
The water in compartment e, is removed and both compart- 
ments of the trough (e, and e,) are filled with freshly diluted 
oxyhaemoglobin. The absorption spectrum of the Thunberg 
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tube will now match that of the trough in any of its positions 
upon the platform. 

The oxyhaemoglobin in the compartment e, of the trough 
is now completely deoxygenated by the addition of a little 
Na,S,0,. The Thunberg tube is removed from the water- 
bath, 4 drops of 0-25 m-phosphate buffer pH 7 are added to 
its content and the tube is evacuated until the oxyhaemo- 
globin is completely deoxygenated and the height of the 
solution, with the plunger in its original position, drops to the 
0-5 ml. mark. The stopper of the Thunberg tube is turned 
through 180°, and a short length of pressure tubing is 
attached to the outlet tube and filled by means of a fine 
pipette with well-oxygenated haemoglobin of the same con- 
centration as that in the tube, taking special care to exclude 
all air bubbles. A well-graduated 1 ml. pipette filled with 
the same solution of oxyhaemoglobin is fixed into the rubber 
tubing, and by carefully turning the stopper of the Thunberg 
tube a known amount of oxyhaemoglobin solution is forced 
into the tube by the atmospheric pressure. After each 
addition of oxyhaemoglobin, the plunger is dislodged from 
the narrow to the wide portion of the tube which is detached 
from the pipette and fixed horizontally to a rotating drum 
immersed in a water-bath kept at 39° and rotated for 10 min. 
at the rate of 80 r.p.m. After equilibration, the plunger is 
allowed to slide down and the tube is returned to its original 
position in front of the microscope. The concentration of 
oxyhaemoglobin in the tube is then estimated by matching 
its absorption spectrum with that of the optical mixture of 
oxygenated and deoxygenated haemoglobin in the two com- 
partments of the trough. In cases of less highly purified 
haemoglobin solutions several lots of oxyhaemoglobin can 
be added in succession to the same sample of haemoglobin in 
the Thunberg tube, thus giving several points on the oxygen 
dissociation curve, but for more highly purified haemoglobin 
which has a tendency to oxidize to methaemoglobin this 
procedure is not suitable. In the latter case, after each 
determination the Thunberg tube is opened to the air, the 
haemoglobin fully oxygenated, and from the redeter- 
mination of oxyhaemoglobin the amount of methaemoglobin 
formed during the evacuation and equilibration can be 
easily calculated. The Thunberg tube is then emptied, care- 
fully dried, and filled with another sample 0-5 ml. of haemo- 
globin. The experiment is repeated as described above, the 
amount of oxyhaemoglobin introduced from the side tube 
being, however, varied each time. In this way a series of 
points covering the oxygen dissociation curve is obtained. 

The pressure of oxygen in the Thunberg tube in mm. Hg 
corresponding to the percentage of oxyhaemoglobin deter- 
mined as described above can be calculated from the 
following equation given by Hill (1936): 

Y% [O,] - (v, + v2) [HbO,] 


O, pressure in mm. Hg =P ’ 
?P 8 *(v, +0) +4 (U9 — y — V2) 


where [O,]=total concentration of oxygen in the added 
fluid (=dissolved O, + that present as HbO,). 


[HbO,]=concentration of oxyhaemoglobin in the Thun- 
berg tube. 


V)=volume of the tube with plunger in place (in 
ml.). 


v, = volume of fluid added from the pipette (in ml.). 


v,=volume of fluid initially present in the tube 
(=0-5 ml.). 
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A = quotient of the concentration of O, in gas phase 
divided by the concentration of O, dissolved in 
liquid and is independent of pressure. 

P=the factor for converting a concentration of 
dissolved oxygen into the equivalent pressure 
in mm. Hg. 


The constants A and P can be calculated from the solubility 
data. 

For the determination of the oxygen dissociation curves of 
haemoglobin in dilute solutions the same method is applied 
as for the concentrated solution except that the Thunberg 
tube used in this case is provided with a 2 cm. optical cell 
fused to its lower end. If the original haemoglobin solu- 
tion contains a significant amount of methaemoglobin, the 
concentration of the latter can be estimated spectrophoto- 
metrically by converting oxyhaemoglobin to CO-haemo- 
globin before and after the addition of Na,S,0, which reduces 
the methaemoglobin to haemoglobin. From the difference 
in the densities of the spectra at a suitable wave-length the 
concentration of methaemoglobin can easily be calculated. 


Results. Fig. 6, which summarizes the results of 
these experiments, shows that the oxygen disso- 
ciation curve of a strong solution of Gastrophilus 


Oxyhaemoglobin (%) 





0 4 8 12 16 20 24 
Oxygen pressure, mm. Hg 
Fig. 6. Oxygen dissociation curve of a strong solution 
(1 x 10-3 g.mol. haematin/1.) of Gastrophilus haemoglobin 
at 39°. 


haemoglobin at 39° is not S-shaped as is usually the 
case in the haemoglobins both of vertebrate and 
invertebrate origin; it is a rectangular hyperbola 
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such as is given by the blood haemoglobin of the 
eel (see Redfield, 1933) or by myoglobin (Hill, 1933, 
1936; Theorell, 1934c). In the reversible reaction of 
oxygenation given by Gastrophilus haemoglobin at 
39° and expressed by the usual equation 
Kp" = [HbO,]/[Hb], 

where p is the pressure of oxygen in mm. Hg, the 
dissociation constant K=0-195 and n= 1-035. The 
oxygen pressure (;)) corresponding to 50% oxy- 
haemoglobin for the strong solution of the pigment 
at 39° is 4:9 mm. Hg. The small difference between 
the dissociation curve obtained experimentally and 
the rectangular hyperbola is well within an experi- 
mental error, as shown by the value of n and 
Fig. 7, where log [HbO,/Hb] is plotted against 





00 402 404 06 408 10 H2 H4 416 


log O, pressure 


Fig. 7. Oxygen dissociation of Gastrophilus haemoglobin; 
[HbO,] . : 
log [Hb] plotted against log pressure of O, in mm. Hg. 
; : 


log mm. O, pressure. As the molecule of Gastro- 
philus haemoglobin contains two prosthetic groups 
it would appear that both haem nuclei have the 
same affinity for oxygen. 

The p;, for the dilute solution of this haemoglobin 
(0-84 x 10-4 g.-atom Fe/l.) was difficult to determine 
owing to its very great affinity for oxygen. The 
approximate value of the oxygen pressure obtained 
from several experiments was less than 0-02 mm. Hg 
at 39°. In this respect Gastrophilus haemoglobin 
occupies an intermediate position between the usual 
types of haemoglobins and that of Ascaris lumbri- 
coides, the intestinal parasite of pigs. 

A. lumbricoides, as was previously shown (Keilin, 
1925), has two different haemoglobins, one in the 
body wall, the other in the perienteric fluid, differing 
from each other and from the haemoglobin of the 
host in the position of their absorption bands. These 
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two haemoglobins were recently reinvestigated by 
Davenport (1945), who found that they have an 
exceptionally high affinity for oxygen. He found it 
impossible to obtain complete deoxygenation by 
boiling them in vacuo at 20°. What is, however, more 
important, is that Na,S,0,, which rapidly removes 
all traces of oxygen dissolved in a haemoglobin 
solution, produces only a very slow deoxygenation of 
the Ascaris haemoglobins. Thus in vacuo at pH. 7 and 
at 8°, Na,S,O, produces half-dissociation of oxygen 
from the body-wall haemoglobin in 250 sec., and 
from the perienteric haemoglobin in about 1000 sec. 
According to Davenport, oxygen dissociates from } 
perienteric haemoglobin 10,000 times and from the 
body-wall haemoglobin 2500 times more slowly than 
it does from sheep haemoglobin. 


Relative affinity of haemoglobin for O, and CO 

For the reversible reaction 

HbO,+CO=HbCO+ 0, 
the equilibrium constant 
K=[HbCO] x pO,/[HbO,] x pCO 

was determined spectrophotometrically. For this 
purpose a well-aerated oxyhaemoglobin solution was 
introduced into a Thunberg tube fitted with a 2 em. 
optical cell, and the concentration of the solution so 
adjusted as to give a maximum density reading of 
about 1-5 in the region of the «-band. The densities at 
the wave-lengths 565 and 581 my. were carefully 
determined. The air in the Thunberg tube was re- 
placed by pure CO which was well equilibrated with 
the solution, and the densities at the same wave- 
lengths were redetermined. The CO was then com- 
pletely removed and replaced by a mixture of CO 
and O, of known composition. After careful equili- 
bration the densities at the same wave-lengths were 
determined again. 

Having obtained these values the ratio of the con- 
centration of HbCO and HbO, can be calculated 
from the following equation: 

[HbCO})/[HbO,]= (D,£,—D,E,)/(D,F,—D,F 2), 
where D, and D,= densities of the mixtures of HbO, 

and HbCO at wave-lengths 565 
and 581 mu. respectively ; 
E, and E,= densities of pure HbO, and 
F, and F,=densities of pure HbCO at the 
same wave-lengths; densities= 
logy) (Ip/I), where I, and J =in- 
tensities of incident and trans- 
mitted light respectively. 
Using the gas mixture consisting of 21% O, and 
21 % CO in nitrogen, the equilibrium constant K was 
found to be 0-67 at pH 7-3 and 25°. This value of K 
is very low when compared with those of the blood 
haemoglobins of vertebrates which vary from 125 to 
550 (Table 4). It is interesting to note that the 
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highest value (500-550) of this constant was found 
for the blood haemoglobin of the horse which is the 
host of the Gastrophilus larva. The lowest hitherto 
known values of K are 28—51 for myoglobin (Theorell, 
1934b; Roche, 1933), and about 37 for the haemo- 
globin in the root nodules of leguminous plants 
(Keilin & Wang, 1945). 


Table 4. Relationship between the partition constant K = 
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synthesizing different haematin catalysts such as the 
components of the cytochrome system and catalase, 
every cell appears to be a potential carrier of haemo- 
globin. The limiting factor in the distribution of this 
pigment in nature cannot therefore be due to the 
synthesis of the haem nucleus but to the fact that not 
all haem-producing cells are capable of synthesizing 


[HbCO] x pO, 


of different haemoglobins 


and their ‘span’, the distance in A. between the «-bands of HbO, and HbCO 


_[HbCO} 70, 
Origin of haemoglobin [HbO,] pCO 
Blood of vertebrates 125-550 
Muscles of vertebrates 28-51 
Root nodules of leguminous plants 37 
Gastrophilus larvae; tracheal cells 0-67 


DISCUSSION 


Although haemoglobin is very widely distributed in 
nature its presence is general only among verte- 
brates. In invertebrates its distribution is very 
irregular, almost haphazard, the pigment being 
either absent in all representatives of large phyla or 
present in one or few species of a large phylum and 
absent or replaced by another oxygen carrier such 
as haemocyanin in other and often closely allied 
forms.* 

The range of the distribution of haemoglobin was 
recently widened by the unexpected discoveries of 
this pigment in a ciliate Paramaecium among 
Protozoa (Sato & Tamiya, 1937) and in the root 
nodules of leguminous plants (Kubo, 1939; Keilin & 
Wang, 1945). The presence of haemoglobin in root 
nodules is of especial interest considering that it 
represents the first case of the occurrence of this 
pigment in plants and that ‘neither the plant cells 
alone nor the symbiotic micro-organism (Rhizobium) 
cultivated separately are capable of synthesizing 
haemoglobin. It is only when root cells are invaded 
by a specific symbiotic micro-organism and begin to 
proliferate that haemoglobin is formed. Rhizobium 
not only induces growth and multiplication of cells, 
but also supplies these proliferating cells directly or 
indirectly with a factor necessary for synthesis of 
haemoglobin’ (Keilin & Wang, 1945). 

Since every cell of aerobic organisms, including 
bacteria, moulds and higher plants, is capable of 


* Throughout this paper the term haemoglobin is used for 
all haem-protein oxygen carriers irrespective of their origin. 
The cumbersome and unnecessary name of erythrocruorin is 
purposely avoided. This point as well as a few other points 
concerning the nomenclature of haemoglobin and its de- 
rivatives will be discussed elsewhere. 


[HbO,] x pCO 
Span y= log K 
(A.) span Observers 
43-56 0-043-0-050 Anson et al. (1924) 
31-36 0-045-0-050 Roche (1932, 1933), 
Theorell (1934a, b) 
100 0-016 Keilin & Wang (1945) 
95 -0-17 Keilin & Wang (present 


paper) 


the highly specific proteins which, when combined 
with haem, form compounds possessing the remark- 
able property of reversible oxygenation. 

Among insects, which form by far the largest 
group of invertebrates and which exhibit the greatest 
variety of respiratory adaptations, haemoglobin is 
known in only a few species belonging to Diptera and 
Hemiptera. Thus among Diptera it is present in the 
perivisceral fluid of larvae of certain Chironomidae 
(midges) and the tracheal cells of larvae of Gastro- 
philus. Among Hemiptera, haemoglobin was found 
in backswimmers such as Buenoa margaritacea Bueno 
(Hungerford, 1922; Bare, 1928) and Anisops pro- 
ducta Fiel (Poisson, 1926), where it is localized in 
large masses composed of tracheal cells similar to 
those of Gastrophilus larvae. It was found also in 
the large water boatman, Macrocrixa geoffroyi 
Leach, where it fills the lumen of accessory glands of 
the male genital system (Haviland-Brindley, 1929). 

In Gastrophilus, haemoglobin is present only 
during a certain period of its development, the first- 
stage larva on hatching from the egg, the pupa and 
the adult insect being devoid of this pigment. 
Haemoglobin is, however, present in the larva 
during the whole of its second and third stages, 
lasting more than 8 months, during which the larvae 
live attached to the mucous membrane of the 
stomach of the horse. This part of the life cycle 
represents the longest period of the insect’s life. In 
the young larva haemoglobin is equally distributed 
in cells of different tissues. As the larva grows older, 
the haemoglobin becomes more concentrated and 
localized in the tracheal cells. This is mainly due to 
the fact that the cells of the Jarva do not divide but 
grow in proportion to the size of the larva, and that 
only the tracheal cells keep up the ability to synthe- 
size haemoglobin in pace with their growth, whereas 
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the formation of haemoglobin in other cells lags far 
behind their growth. 

A full-grown larva of Gastrophilus weighing 0-45- 
0-5 g. was found to contain approximately 2-1 mg. 
haemoglobin which can fix about 2-7 cu.mm. O,. 
This amount of oxygen, according to the respiratory 
activity of the larva, may be used up in 0-5-4 min.* 

Since Gastrophilus larvae live as parasites in the 
stomach of the horse, one may ask whether there is 
any relationship between the haemoglobin of the 
parasite and that of its host. Table 5, which sum- 
marizes the main properties of these two haemo- 
globins and of myoglobin, clearly shows that they 
differ markedly in their absorption spectra, span, 
relative affinities for O, and CO, oxygen dissociation 
curves, ease of autoxidation and molecular weight. 
In certain properties Gastrophilus haemoglobin 
somewhat resembles the myoglobin of horse or other 
mammals. 
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Relation of span to equilibrium constant 


It was shown by Anson et al. (1924) for the blood of 
thirteen different species of vertebrates that there is 
a certain interrelationship between the ‘span’ (the 
distance separating the «-bands of HbO, and HbCO 
expressed in A.) and the equilibrium or partition 
constant K =[HbCO] x pO,/[HbO,] x pCO. Thus by 
plotting the span against log-K they found that the 
points fell upon one of the two approximately 
straight lines which could be expressed by an 
equation log K=y x S, where S is the span in A. and 
y is equal to 0-043 or 0-050. 

Since the variation in log K denotes the change in 
the free energy of the system, the linear relationship 
between log K and the span suggested that the dis- 
placement of the «-band of haemoglobin is accom- 
panied by a definite and predictable change in the 





Gastrophilus Horse blood Horse 
Properties ‘ haemoglobin haemoglobin myoglobin 
Position of «-band in A.: HbO, 5810 5767 5820 
HbCO 5715 5711 5790 
, [HbCO] x pO, 4 
BO own oaet bets 0-67 550 28 
x [HbO,] x pCO 
Span (A.) 95-5 56 30 
a -0-17 0-043 0-045 
span 
O, dissociation curve Rectangular hyperbola S-shaped Rectangular hyperbola 
Autoxidation Fairly rapid Slow Fairly rapid 
Mol. wt. About 34,000 67,000 18,000 






Table 6. Different values of partition constant K= 








[HbCO] x pO, 


- - of haemoglobins 
[HbO,] x pCO 


compared with those of oxidizing enzymes 


Myoglobin of 
mammals 


28-51 


Haemoglobin of 
vertebrates 


120-550 


root nodules 
37 





One of the most striking properties of Gastrophilus 
haemoglobin is its very low affinity for CO, the 
partition constant K =[HbCO] x pO,/[HbO,] x pCO 
being only about 0-67. In this respect it differs 
markedly from all other haemoglobins (Table 6) and 
shows some resemblance to oxidizing enzymes such 
as cytochrome oxidase with a partition constant of 
about 0-1 and polyphenol oxidase, a copper-protein 
compound, the partition constant of which, as 
was previously shown (Keilin, 1929), varies from 
0-25 to 1. 


* The physiological significance of haemoglobin as an 
oxygen carrier will be discussed in a separate paper devoted 
to this subject. 


Haemoglobin of Haemoglobin of 





Phenol 
oxidase 


0-25-1 


Cytochrome 
oxidase 


0-1 


Gastrophilus 
0-67 











free energy. The difficulty in accepting this view was 
the uncertainty as to the linear relationship between 
log K and the span. In fact, it has already been 
mentioned by Barcroft (1928, see p. 49) that ‘No 
great stress must be laid on the straightness of the 
central line. It is very short and over so short 4 
range portions of many shallow curves or S-shaped 
curves might easily appear straight; but it seems 
difficult to doubt that a relation of some sort 
exists.’ 

The problem was, however, reinvestigated by 
Theorell (1934 a, b), who found that in the case of 
horse myoglobin K=28 and the span=32 A. In 
this case, log K plotted against the span (S) gives @ 
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point which lies on the straight line obtained by 
previous workers (Anson e¢ al. 1924) and expressed 
by the equation log K = 0-045 x S. This point lying 
at an appreciable distance from the cluster of points 
obtained for the blood haemoglobins of different 
species of vertebrates and uniting this cluster with 
the zero point makes, according to Theorell, the 
existence of a real linear relationship between log K 
and the span very probable. 

It may be mentioned here that the span of myo- 
globin of ten different vertebrates was found by 
Roche (1932) to vary between 31 and 36 A., whereas 
the value of the equilibrium constant K given by 
him was about 51. These results, when plotted in the 
usual way, would give a point lying somewhat above 
the line obtained by previous workers. 

The first marked deviation from this relationship 
was shown by the haemoglobin of the root nodules of 
leguminous plants (Keilin & Wang, 1945). Here the 
span is about 100 A. and K about 37, and in the 
equation expressing their relationship log K=y x S, 
y=0-016 (Table 4). The deviation is still more 
marked in the case of the haemoglobin of Gastro- 
philus which has a span of about 95 A., K = 0-67 and 
y= —0-17. The last two results, contrary to those 
obtained by previous workers, rob the linear relation- 
ship between log K and the span of its generalization 
and therefore of its possible significance. 

The haemoglobin of Gastrophilus shares with that 
of the nodules of leguminous plants and with myo- 
globin the property of a comparative ease of oxida- 
tion to methaemoglobin. In fact, it is somewhat 
difficult in the absence of CO to keep these haemo- 
globins in the ferrous state, especially when they are 
separated from the rest of the cells which contain 
them, and are highly purified. A very slow oxidation 
to methaemoglobin is a general property of haemo- 
globin compounds, and the kinetics of this reaction 
for blood haemoglobin were carefully investigated 
by Brooks (1935). He found that the rate of oxida- 
tion at different oxygen pressures is proportional to 
the concentration of the unoxygenated haemoglobin 
and to a function of the oxygen pressure. This con- 
firmed previous observations by Neill & Hastings 
(1925) who found that the rate of oxidation of haemo- 
globin by molecular oxygen was greater at a small 
partial pressure of oxygen. According to Brooks, 
oxygen affects this reaction in three different ways: 
(1) it determines the concentration of the other 
reactant, the unoxygenated haemoglobin, (2) it 
oxidizes this compound, the rate being proportional 
to the first power of the oxygen pressure and (3) it 
acts as an inhibitor of this oxidation which may be 
‘due to the collision of oxygen molecules with an 
activated molecule or complex’. 

As to the comparative ease of autoxidation of the 
above-mentioned haemoglobins, it may be due to 
some slight differences in the mode of union of the 
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prosthetic group with the protein, thus affording less 
protection against oxidation of the haem iron which, 
on deoxygenation, may become more reactive. One 
cannot, however, exclude the possibility that the 
oxygen dissociating from its union with haem may 
possess a slightly higher level of reactivity than the 
ordinary molecular oxygen and that this level may 
vary with the haemoglobin. However, by no method 
so far available can any difference be detected be- 
tween the oxygen dissociating from oxyhaemoglobin 
and the free molecular oxygen. 

The oxidation of haemoglobin to methaemoglobin, 
even in the case of Gastrophilus, is a very sluggish 
reaction when compared with that of haem or 
haemochromogen. In fact, it is not the autoxidation 
of haemoglobin which is difficult to understand, but 
the unusual slowness of this reaction and the marked 
resistance of the divalent iron of haemoglobin to 
oxidation, contrasted with the great ease of the 
formation of reversible oxygenated compound. This 
property of oxygenation, which haemoglobin shares 
with only three other natural oxygen carriers— 
chlorocruorin, haemocyanin and haemerythrin—so 
far has no analogy among known natural or artificial 
compounds. It is conceivable that the oxygenation 
is the first step in the oxidation reaction of all 
haematin or iron compounds, but that this oxy- 
genated state is usually of an extremely short 
duration, being rapidly followed by the valency 
change of iron. In the haemoglobin molecule, the 
native globin not only protects the divalent iron 
from oxidation but also brings about the stabiliza- 
tion of this oxygenated compound. That proteins 
which protect the haematin iron from autoxidation 
do not necessarily stabilize the oxygenated com- 
pound is clearly shown by the components a, b and ¢ 
of cytochrome and by alkaline helicorubin which are 
neither autoxidizable nor capable of undergoing 
oxygenation. Their oxidation can, however, be cata- 
lyzed by another haematin-protein compound, 
cytochrome oxidase. 

The fact that the iron of haemoglobin is protected 
from oxidation but is capable of reversible oxygena- 
tion makes haemoglobin a good oxygen carrier but 
a very inefficient oxidizing catalyst. On denatura- 
tion, haemoglobin loses the property of carrying 
molecular oxygen but acquires the property of 
autoxidation and becomes a much better oxidizing 
catalyst although never reaching the efficiency of 
the naturai haematin protein catalysts. Although the 
gap separating the haemoglobin compounds from 
the natural oxidizing catalysts still remains un- 
bridged, the few properties common to haemoglobin 
of the Gastrophilus larva, the haemoglobin of root 
nodules and to some extent myoglobin, bring 
somewhat closer the two groups of haem-protein 
compounds: the oxygen carriers and the oxidizing 
catalysts. 
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SUMMARY 


1. Larvae of Gastrophilus which live in the 
stomach of the horse contain an intracellular haemo- 
globin localized mainly within the giant tracheal 
cells. 

2. A method is described for the purification and 
crystallization of this haemoglobin. 

3. Pure Gastrophilus haemoglobin behaves in the 
Tiselius apparatus as a homogeneous protein and 
has an isoelectric point of pH 6-2. The purest sample 
contains 3-92% haemin which corresponds to an 
equivalent weight of 17,300. The molecular weight 
of this haemoglobin is about 34,000, i.e. half the 
molecular weight of the blood haemoglobin of verte- 
brates. The molecule of Gastrophilus haemoglobin 
therefore contains only two haem nuclei. 

4. Its oxygen dissociation curve very closely 
approximates a rectangular hyperbola. 

5. It has a high affinity for O,; in a strong solution 
of haemoglobin at 39° the half-saturation with O, 
is reached at an O, pressure of 4-9 mm. Hg and ina 
dilute solution at less than 0-02 mm. Hg. 

6. It has a low affinity for CO, the partition con- 
stant K =[HbCO] x pO,/[HbO,] x pCO being about 
0-67, which is 800 times lower than that of horse- 
blood haemoglobin and is of the same order of 
magnitude as the partition constants of certain 
oxidizing enzymes which vary from 0-1 to 1. 

7. The ‘span’ or the distance between the «-bands 
of oxyhaemoglobin and CO-haemoglobin is about 
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95 A., which is very near that of the root nodule 
haemoglobin (100 A.) but much larger than the 
‘span’ of other haemoglobins and myoglobins 
(32-56 A.). 

8. Neither the haemoglobin of Gastrophilus larvae 
nor that of the root nodules of leguminous plants 
supports the view as to the existence of a linear 
relationship between log K and the ‘span’. 

9. Haemoglobin of Gastrophilus larvae differs 
from blood haemoglobin of the horse—their host— 
in many respects, such as (1) the position of absorp- 
tion bands, (2) the ‘span’, (3) the relative affinities 
for O, and for CO, (4) the shape of the dissociation } 
curve, (5) the ease of autoxidation and (6) the 
molecular weight. Since these two haemoglobins 
have the same prosthetic group, they must differ in 
the structure and the composition of their proteins, 
Gastrophilus larvae therefore synthesize their own 
haemoglobin. 

10. Certain properties common to the haemo- 
globin of Gastrophilus larvae, the haemoglobin of 
root nodules and myoglobin, such as (a) the high 
affinity for O,, (b) the low affinity for CO, (c) the low 
partition constant K, (d) the comparative ease of 
oxidation to methaemoglobin and (e) the localization 
within fixed non-circulating cells of the organism, 
reduce somewhat the gap separating the two groups 
of haematin-protein compounds, oxygen carriers and 
certain oxidizing catalysts. 


Our thanks are due to Dr R. Markham for the assistance 
he has given us in this investigation. 
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Osmotic Pressures and Sedimentation Velocity of 
Gastrophilus Methaemoglobin 


By G. 8S. ADAIR, A. G. OGSTON anv J. P. JOHNSTON (War Memorial Student of Balliol College), 
Physiological Laboratory, Cambridge, and Department of Biochemistry, Oxford 


(Received 2 July 1946) 


In the preceding paper, Keilin & Wang (1946) have 
described the preparation and properties of the 
haemoglobin obtained from the tracheal cells of the 
larva of Gastrophilus (the bot fly). Samples from 
three of their preparations in the form of methaemo- 
globin were used for measurements of osmotic 
pressure. The amount of material available was 
small and the results recorded must be regarded as 
provisional. 
METHODS 


An account of the manufacture of collodion membranes and 
the method of measurement of osmotic pressures has been 
published elsewhere (Adair, 1925). Small cylindrical mem- 
branes of 0-6 cm. diameter were used, the permeability 
being about one-tenth that which had been found suitable 
for the serum proteins, as the more permeable membranes 
were found to adsorb Gastrophilus haemoglobin. 

The equilibrating solution used was a sodium phosphate 
buffer mixture of ionic strength 0-1 and pH 7-4 (0-03 m- 
Na,HPO, and 0-01 m-NaH,PO,). Previous investigations 
on sheep haemoglobin showed that an ionic strength of 0-1 
is sufficient to reduce the pressure due to the unequal dis- 
tribution of diffusible ions (symbolized p;) to a very low value 
over the range from the isoelectric point to pH 7-4. The 
slightly alkaline reaction reduces the adsorption of protein 
by the membrane and the tendency of the protein to pre- 
cipitate. 

The protein concentrations were determined refracto- 
metrically. The determination of the specific refraction in- 
crements of the serum proteins in the presence and absence 
of salts has been described by Adair & Robinson (1930a). 
Unpublished experiments on CO-haemoglobin prepared from 
ox blood gave a specific refraction increment of 0-001932 
for aqueous solutions and 0-001930 for solutions equilibrated 
with a sodium phosphate buffer mixture of ionic strength 0-1 
and pH 7-4, 

The quantity of Gastrophilus methaemoglobin available 
was insufficient for exact determinations of the refraction 
increment. A preliminary estimate of the value was made by 
measuring the difference between the refractive indices of 
water and of a dilute aqueous solution of the protein, and 
dividing the result obtained by the content of dry matter of 
the protein solution (0-48%) as determined by Keilin & 
Wang. A refraction increment of 0-00204 was obtained. In 
this paper, protein concentrations have been calculated by 
dividing the difference between the refractive indices of the 
protein solution and of the diffusate by the factor 0-00204. 
The estimation of protein content of the material used in 
Table 1, Exp. 6, agreed with a value calculated from a 
spectroscopic determination of the haematin content of the 
same solution made by Keilin & Wang. 
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If it be assumed that the relatively high value of 0-00204 
is incorrect and the true value is 0-00193, the tabulated 
values for protein concentrations and molecular weights 
should be multiplied by the factor 1-057. 


RESULTS 


Ion-pressure difference and valence. In one experi- 
ment (Exp. 1, Table 1) the membrane potential was 
measured, and found to be — 0:32 mV. The protein 
solution was negative. Formulae for calculating the 
valence of the protein (z,) and the ion-pressure differ- 
ence (p;) for systems with very small membrane 
potentials have been given in a previous paper 
(Adair & Robinson, 19306): 


z,»=0-00851M (E/C), (1) 
p;= 30-761 (E)*, (2) 


where J denotes the ionic strength (0-10), M@ =mole- 
cular weight, H=membrane potential in mV. at 
0° and p= pressure in mm. mercury at 0°. 

The formula for the valence (1) gives the charge in 
equiv./mol. of protein, but to compare the valence 
of Gastrophilus haemoglobin with previous obser- 
vations on mammalian haemoglobin at the same pH 
and ionic strength it is permissible to use the same 
formula to compute the valence/67,000 g. Gastro- 
philus haemoglobin. The value obtained, — 9-5, is 
more negative than the value — 4-0 given by Adair & 
Adair (1940) for sheep haemoglobin, and it may be 
inferred that Gastrophilus haemoglobin is more 
acidic than mammalian haemoglobin. A difference 
of about 1-0 unit in isoelectric points would account 
for the difference in charge. 

Molecular weights. The osmotic pressures can be 
correlated with the molecular weight of the protein 
by the formula 


p= ¢ (C/M) (170,330) (273 +t/273), (3) 


where C=g. dry protein/100 ml. solution, ¢=tem- 
perature in ° C. and ¢=a factor which approaches 
unity when C approaches 0. 

If the ratio p/C is known over a wide range of 
protein concentrations, an accurate value for zero 
concentration can be found by graphical methods as 
described by Adair & Robinson (19306). In their 
work, approximately 1 g. protein was used for 
an estimate of molecular weight. In the case of 
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Gastrophilus haemoglobin, the quantity of material 
available (0-03 g.) was so small that only a very 
limited range of concentrations could be investi- 
gated, and it was not possible to evaluate molecular 
weights by extrapolation. 

Unpublished observations made on CO-haemo- 
globin prepared from ox blood (molecular weight 


Table 1. Osmotic pressure of Gastrophilus methaemoglobin in equilibrium 
with 0-03 M-Na,HPO, and 0-01 mM-NaH,PO, at 0-8° 


(Ionic strength of buffer, 0-1; pH, 7-4.) 


Purity from 


haematin 
Prep. content Exp. 
no. (%) no. Refraction 
1 -—— 1 0-00389 
2 93 2 0-00373 
2 93 3 0-00181 
3 99 4 0-00345 
3 99 5 0-00212 
3 99 6 0-00149 


66,000) showed that if the concentration of protein 
is less than 10%, the factor ¢,, is given by the fol- 
lowing formula 


ox = 1/(1-0-0263C). (4) 


The factor ¢,, increases from 1-02 to 1-05 when C 
increases from 0-73 to 1-90, the range covered in 
Table 1, which summarizes all the osmotic pressure 
measurements on Gastrophilus methaemoglobin. 

In col. 4 of Table 1 refraction is given as the 
difference between the refractive indices of the pro- 
tein solution and of the buffer with which it is in 
equilibrium, measured with an immersion refracto- 
meter at room temperature; col. 5 (Cy9,) gives pro- 
visional values for the protein concentrations in g. 
dry protein/100 ml. protein solution, computed from 
the measurements of refraction; col. 7 gives the 
ratio M/¢, computed by formula (1), and col. 8 the 
value of this ratio multiplied by ¢,,, the coefficient 
for ox haemoglobin computed by formula (4). 

It will be noted that in the last three experiments, 
which were made on the purest preparation, the 
values for M, multiplied by (¢,,/¢), agree within the 
limits of experimental error. 


Sedimentation in the ultracentrifuge 


A sample of the methaemoglobin was examined in 
a Svedberg oil-turbine ultracentrifuge. Observa- 
tions of the movement of the boundary were made 
alternately by the refractometric ‘diagonal schlieren’ 
method (Philpot, 1938) using light of wave-length 
595-635 mp and by the absorptiometric method 
(Philpot, 1939) with light of 525-555 my. The con- 
centration of the haemoglobin was 0-102 %, chosen 
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to be suitable for the absorptiometric method ; it was 
dissolved in buffer containing 0-2 m-NaCl, 0-02 m- 
Na,HPO, and 0-005mM-KH,PO,. The speed of 
rotation was 1000 rev./sec. Fig. 1 shows typical 
sedimentation diagrams. 

The form of the boundary showed that the 
material was homogeneous and the rate of sedi- 
















P 
(mm. Hg 





Cro at 0-8°) M/¢ M ($ox/9) 
1-90 9-35 35,000 36,000 
1-83 8-77 35,000 37,000 
0-89 5-14 30,000 30,000 
1-69 9-32 31,000 32,000 
1-04 5-41 33,000 34,000 
0-73 3-82 32,000 33,000 












mentation of the pigment was the same as that of the 
refracting material. Integration of the areas of the 
refractometric diagrams gave the refractive incre- 
ment due to the sedimenting material as 0-000211, 
compared with an expected value of 0-000208 cal- 
culated from a specific refractive increment of 
0-00204 (see above). This indicated that the pre- 
paration was homogeneous. 








Index Boundary Meniscus 


t 1. 7 
(a) 
' a | 


() 


Fig. 1. Sedimentation diagrams: (a) refractometric 60 min. 
after reaching full speed: (6) absorptiometric 80 min. 
after reaching full speed. 








The sedimentation constant, corrected to solution 
in water at 20°, was 2-5 x 10-23, measured from the 
refractive diagrams: the accuracy of this figure is 
probably + 0-1 x 10-%. The sedimentation constant 
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and the osmotically determined value of the mole- 
cular weight, together with an assumed value of 0-75 
for the partial specific volume, allow the frictional 
ratio f/f, (Svedberg & Pedersen, 1940) to be calcu- 
lated: the value obtained is 1-38. Comparison with 
the data for myoglobin (Theorell, 1932) shows a 
marked difference: myoglobin has a molecular 
weight of about 17,000, a sedimentation constant of 
2:04 x 10-% and is more nearly spherical having 


flfy=1-1. 
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SUMMARY 


1. Preliminary measurements of the osmotic 
pressure of methaemoglobin prepared from the 
tracheal cells of the larva of Gastrophilus (the bot fly) 
yield a mean value of 34,000 + 3000 for the molecular 
weight. 

2. The material was found to sediment homo- 
geneously in the ultracentrifuge, with sedimentation 
constant 2-5 x 10-%, 
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The Estimation of Free Choline in Plants 


By H. E. STREET, A. E. KENYON anp G. M. WATSON 
University College, Nottingham 


(Received 1 July 1946) 


Choline, being a constituent of lecithin, is probably 
present in every living celi. Schulze & Trier (19126) 
and Klein & Zeller (1930) have examined more than 
100 plants of widely different systematic origin and, 
with the exception of the three lichens examined, 
were able to detect free choline in all cases. 

In the animal choline has lipotropic activity; it 
promotes phospholipin turn-over, prevents the de- 
velopment of fatty liver, protects against haemor- 
rhagic kidney degeneration, and is concerned in the 
conversion of homocystine to methionine. Its 
vitamin-like action may be related to its activity 
as a methyl donator (du Vigneaud, Chandler, Moyer 
& Keppel, 1939; du Vigneaud, Chandler, Cohn & 
Brown, 1940; Chandler & du Vigneaud, 1940). The 
significance of choline in the methylation processes 
of higher plants has not hitherto been investigated. 
Klein & Linser (1932, 1933) have opened up the 
subject of choline metabolism in higher plants by 
their study of variations of lecithin and choline 
contents during germination of various seeds. 

The present paper describes a method suitable for 
routine estimations of the free choline content of 
plant tissues in metabolic studies. Preliminary data 
on the distribution of free choline in the potato plant 
are presented. 


Quantitative estimation of choline 


Estimations of choline in animal tissues have been based 
upon the formation of the sparingly soluble choline periodide, 
bismuth-iodide, platinichloride, aurichloride or reineckate; 
upon the decomposition of choline into trimethylamine or 
upon acetylation followed by biological assay. 

Roman (1930) has made a careful study of the conditions 
necessary for the quantitative precipitation of choline as 
periodide (ennea-iodide) and found that, taking all pre- 
cautions, it was possible to estimate 0-005-5 mg. choline in 
pure aqueous solution with an error of less than +5%. The 
achievement of quantitative yields is, however, made a 
matter of considerable difficulty by variability in the com- 
position of the precipitate, the extreme readiness with which 
it looses iodine and its ready solubility in potassium iodide. 
The application of the method to plant extracts encounters 
the additional difficulties that iodine will give precipitates 
with alkaloids and many other bases, a difficulty not satis- 
factorily prevented by addition of sodium bicarbonate 
(Schulze & Trier, 1912a; Vickery, 1925), and that the 
solubility of choline periodide is, in general, increased by the 
presence of salts. Methods involving potassium bismuth 
iodide (Jahns, 1885) as precipitant suffer from similar diffi- 
culties. Strack & Schwaneberg (1937) have noted that even 
pure bases can, under certain conditions, give an atypical 
gold salt and that from mixed solutions mixed salts are pre- 
cipitated, so that gold chloride is unsuitable for the precipi- 
tation, identification or estimation of bases. Precipitation 
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of plant extracts by gold, platinum or mercuric chlorides 
would yield complex mixtures from which the choline 
derivative could only be separated by further reactions and 
extensive crystallizations. 

Methods of estimation based upon precipitation of choline 
as reineckate have been described (Kapfhammer & Bischoff, 
1930; Beattie, 1936; Johnston, Irvin & Walton, 1939; 
Jacobi, Baumann & Meck, 1941; Engel, 1942). Strack & 
Schwaneberg (1937) and Neuberger & Sanger (1942) have 
pointed out that whilst all basic substances give reineckates 
relatively insoluble at acid or sometimes even at neutral or 
mildly alkaline reactions, only quaternary bases without a 
carboxyl group such as choline and methylpyridinium 
chloride give reineckates insoluble at pH 12-13. In our 
experience, however, aqueous plant extracts treated with 
reineckate at pH 12 yield precipitates so intractable to 
filtration that decomposition occurs on the filter. Previously 
described methods (Beattie, 1936; Johnston et al. 1939; 
Miller & Lowe, 1940) for estimation of choline content of the 
reineckate precipitate are applicable only with pure choline 
reineckate, or choline reineckate contaminated with traces 
of non-basic material and are therefore not directly appli- 
cable to the precipitates obtained by treating plant extracts 
with ammonium reineckate at neutral reaction. 

Gulewitsch (1898) found that when choline is treated with 
either conc. KOH solution or moist Ag,O it underwent a 
hydramine fission with formation of trimethylamine. Klein 
& Zeller (1930) and Klein & Linser (1932) describe a method 
of estimating choline by decomposition with boiling con- 
centrated alkali and distillation and titration of the tri- 
methylamine formed. The method involves treatment of the 
plant extract for 3 hr. with 33% (w/v) NaOH at high tem- 
peratures (up to 180°). These conditions cause profound 
changes in plant extracts, and betaine, one of the most 
resistant bases likely to be encountered, is partially decom- 
posed into trimethylamine. An estimate of the ammonia 
formed must be made and applied as a correction. Using a 
pure choline solution the error with 15 mg. choline was 
+10%, and with 1mg. +30%. Klein & Linser (1932) 
attempted to avoid interference from alkaloids and other 
bases by choosing plants from which these substances were 
regarded as absent. 

Lintzel & Fomin (1931 a) have studied the oxidative de- 
composition of choline and of a number of allied substances 
using permanganate in acid and alkaline solution. Choline 
when treated with alkaline permanganate yielded trimethyl- 
amine and glycoilic acid: 

0, 
CH,(OH).CH,.N(CH,;),0H-+CH,(OH).COOH + N(CHs3)s. 


Trimethylamine was similarly produced by alkaline oxida- 
tien of acetylcholine, neurin and carnitine but neither 
betaine nor y-butyro-betaine were attacked. Neurin can, 
however, be distinguished from choline as it yields trimethy]- 
amine when treated with acid permanganate, whereas, 
under these conditions, choline is oxidized to betaine. 
Neither neurin nor carnitine have hitherto been reported as 
constituents of higher plants. Lintzel & Fomin (1931) and 
Lintzel & Monasterio (1931) were therefore able to elaborate 
methods of estimation based upon the almost quantitative 
formation of trimethylamine resulting from treatment of 
choline solutions with dilute alkaline permanganate under 
carefully controlled conditions. The method of Lintzel & 
Fomin (19316), however, involves evaporation of the acid 
distillate containing the trimethylamine to small bulk on a 
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water-bath prior to its estimation. Poor yields were 
obtained in preliminary trials of this method, and it was 
shown that this was due to inevitable and variable loss of 
trimethylamine during the evaporation. The procedure of 
Lintzel & Monasterio (1931) has formed the basis of the 
method of estimation of choline in crude plant extracts 
described below. 


EXPERIMENTAL 


Procedure 1. Estimation of choline in the form of 
its hydrochloride, reineckate or mercurichloride 


The apparatus used is shown in Fig. 1. The pro- 
cedure is as follows: The choline derivative with 
25 ml. water is contained in flask A. The ammonia 





To Drechsel bottle, 
flowmeter and 
_—Yacuum pump 





0 inches 6 
nelle 


Fig. 1. Apparatus for estimation of choline. A, reaction 
flask; B and C, ammonia-traps charged with alkaline 
formaldehyde; D, alkali and air inlet; Z, burette charged 
with KMn0O, solution. 


traps (B and C) are each charged with 10 ml. 40% 
formaldehyde, 5 ml. 40% (w/v) NaOH and a drop 
of eaprylic alcohol. No liquid is allowed to splash 
on to the inner walls of the tubes. Both tubes are 
cooled on ice immediately after charging and the 
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lower part of the tube B is surrounded by ice during 
the distillation. The trimethylamine is trapped in a 
Drechsel bottle containing 5, 10 or 15 ml. 0-02N- 
H,SO,. A gentle stream of air (20 1./hr.) is drawn 
through the apparatus, and 10 ml. 40 % (w/v) NaOH 
is pipetted into flask A via D, the contents of flask A 
heated to boiling, the derivative decomposed and 
then the addition of the 0-5% (w/v) KMnO, com- 
menced from the burette H. The KMnO, is added 
dropwise at a rate commencing at 0-5 ml./min. and 
increasing gradually to 2-0 ml./min. The addition of 
the KMnO, should be completed in 15-30 min. and 
the mixture in flask A is gently boiled during this 
period. Completion of the oxidation is marked by a 
green colour clearly visible at the surface of the 
boiling liquid and persisting for at least 1 min. after 
stopping the addition of KMnO,. The top of the 
condenser is now disconnected at F’, the inner tube 
washed down with 10 ml. 40 % (w/v) NaOH, the ice 
removed from around tube B, and the aeration rate 
raised to 45 1./hr. and maintained at that rate for a 
further 1 hr. The excess 0-02 N-H,SO, in the Drechsel 
bottle is immediately titrated with Tashiro’s in- 
dicator (see Steward & Street, 1946) against a 
standard approx. N/50 solution of trimethylamine 
delivered from a CO,-free micro-burette. With yields 
of trimethylamine ranging from 0-14 to 3-2 mg. N 
duplicates agreed to 0-05 ml. 0-02 N-trimethylamine 
(0-014 mg. N). 

The above procedure must be strictly observed. 
The concentration or rate of addition of KMnO, 
must not be increased. Formation of spray on the 
walls of the ammonia traps renders the aeration of 
the trimethylamine incomplete. The excess acid 
must be immediately titrated, since retained form- 
aldehyde gradually oxidizes to formic acid. Lintzel 
& Monasterio (1931) used phenolphthalein as in- 
dicator because of its relative insensitivity to 
ammonia. The present procedure completely removes 
ammonia from the air stream even when the equi- 
valent of 140 mg. NH,-N is liberated in flask A and 
thereby makes possible the use of Tashiro’s in- 
dicator giving a sharper end-point in the trimethyl- 
amine-H,SO, titration. 


Table 1. Recovery of choline-N as trimethylamine 


Range of — Recovery of N as tri- 
Derivative of choline-N methylamine (%) 

choline (mg.) poo 
Procedure | 

Mercurichloride 0-79-1-1 87-0, 86-1, 85-9, 87-2 

Mercurichloride 3-00-3-3 96-4, 96-2, 95-1, 96-9 

Reineckate 0-80-1-1 85-7, 84-6, 83-7, 85-1 

Chloride 0-80-1-0 85-0, 84-1, 83-2, 85-2 


Procedure 1 but with traps B and C charged with 
alkali only 

0-79-1-1 
3-0 -3-3 


96-5, 98-8, 98-1, 97-4 
99-6, 100-4, 99-3, 98-9 


Mercurichloride 
Mercurichloride 
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Preliminary trials with this procedure gave the 
yields shown in Table 1. 

Formation of ammonia during oxidation. The yields 
of trimethylamine shown in Table 1 fell short of the 
theoretical by some 14-15 % with quantities of about 
1 mg. N and by some 3-5 % with quantities of about 
3 mg. N. Substitution of water for formaldehyde 
in the ammonia traps raised the yields almost 
to theoretical. Examination of the alkaline form- 
aldehyde in ammonia trap B, after an estimation, 
demonstrated the presence of hexamine. The hexa- 
mine-N content, over the range 0-79—3-25 mg. 
choline-N, was determined by acid hydrolysis, 
removal of formaldehyde and distillation of the 
ammonia into standard acid. The results are shown 
in Table 2. These results, together with those shown 


Table 2. Ammonia formed during oxidation of 
choline with alkaline permanganate 


Choline-N Ammonium-N Choline-N Ammonium-N 


(mg.) (mg.) (mg.) (mg.) 
0-79 0-12 1-82 0-14 
0-92 0-13 3-0 0-17 
1-12 0-14 3-25 0-15 





Loss of choline-N (mg.) 





Trimethylamine-N (mg.) 
Fig. 2. Loss of choline-N plotted against yield of trimethyl- 
amine-N by Procedure 1, using quantities of choline-N 
up to 3-25 mg. 


in Fig. 2, indicate that under the conditions of 
Procedure 1 and over the range 0-70—-3-25 mg. 
choline-N, the amount of N liberated as ammonia 
falls within the range 0-11—0-18 mg. (mean value 
0-14 mg.). With amounts of choline-N below 0-70 mg. 
the amount of ammonia liberated falls rapidly. 

Table 3 summarizes the recoveries of choline-N 
from choline chloride, reineckate and mercuri- 
chloride by application of the equation: 


choline-N = 0-28f (7, —T',) + 0-14 mg., 
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where (7', — 7',)=ml. of 0-02 N-H,SO, neutralized, in 
terms of the blank and test titration readings of 
0-02 N-trimethylamine, and f the factor representing 
possible deviations from an exact 0-02N solution. 
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added to such extracts could not be recovered as 
trimethylamine. Procedure 1 cannot, therefore, be 
directly applied for estimation of choline in crude 
plant extracts. 


Table 3. Recovery of choline-N by application of the equation choline-N = 0-28 f (7, —7)+ 9-14 mg. 


Range covered 
(mg. N) 
0-68-2-94 
0-8 -3-1 
0-9 -3-25 


Choline derivative 


Chloride 
Reineckate 
Mercurichloride 


Specificity. Lintzel & Fomin (1931la) found that 
alkaline permanganate produced trimethylamine 
with acetylcholine but not with betaine. We have 
confirmed these findings and also shown that no 
trimethylamine is evolved from trigonelline. 


Procedure 2. Estimation of free choline in 
plant extracts 


The procedure is as follows: The dried plant tissue 
is finely powdered and exhausted with cold toluene- 
saturated water or 80% (v/v) ethanol. The extract 
is concentrated to small bulk in vacuo at a water- 
bath temperature of 40°. (Towards the end of the 
concentration a sample of the extract should be 
tested for volatile bases other than ammonia and 
monomethylamine, and if present such bases should 
be removed by continuing the vacuum distillation 
in presence of excess MgO. The concentrate, freed 
from excess MgO by filtration and brought to pH 7 
with HCl, is then adjusted to a definite volume and 
heated to 80° as in the standard procedure.) The 
concentrate is heated to 80° for 10 min., cooled and 
filtered. The filtrate (10 ml.), which should contain 
not less than 0-7 mg. choline-N, is treated with 10 ml. 
of freshly prepared 4% (w/v) aqueous solution of 
ammonium reineckate, followed by 0-4 g. of finely 
powdered solid ammonium reineckate, allowed to 
stand overnight, filtered on no. 50 Whatman paper 
by suction and the precipitate washed on the filter 


with 10 ml. cold water. The drained filter paper and . 


precipitate are then transferred to flask A, 25 ml. 
water added and the trimethylamine-N estimated 
by Procedure 1. 


Application of Procedure 1 directly to plant extracts 


Concentrated plant extracts prepared, as described 
above, from dried roots and leaves of Atropa spp. 
and from dried King Edward potato tubers when 
treated by Procedure 1 yielded only traces of tri- 
methylamine and excessive quantities of KMnO, 
solution were required to obtain even a transient 
green colour in flask A. Known amounts of choline 


Recovery as deviation from 
theoretical (%) 


No. of Mean Maximum 
determinations deviation deviation 


25 1-3 4-4 
10 1-7 4-5 
15 1-6 35 


Precipitation of choline as reineckate. Choline 
reineckate is soluble to the extent of 0-02 % in water 
at 18°, and in a saturated solution of ammonium 
reineckate only to 0-0015 % (Strack & Schwaneberg, 
1937). The precipitation adopted in Procedure 2 
should therefore occasion a loss of choline-N within 
the limits 0-01—-0-07 mg. Actual losses recorded by 
this procedure are shown in Table 4. The solubility 


Table 4. Loss of choline-N resulting from precipita- 
tion with ammonium reineckate in Procedure 2 


Choline-N (mg.) 


X. —— 





. 
Contained in 10 ml. 
choline chloride 
solution 


2-951 


Loss due to 
precipitation 
0-038 
0-032 
0-058 
0-026 
0-060 
0-038 
0-038 
0-029 
0-070 
0-026 
0-040 
0-055 
0-063 
0-039 

Average loss =0-044 mg. 


of choline reineckate is but little affected by pH and 
it has been shown (Strack & Schwaneberg, 1937; 
Neuberger & Sanger, 1942) that ammonium reinec- 
kate is therefore a very specific precipitant for 
choline in strongly alkaline solution. The concen- 
trated plant extracts used here gave with reineckate 
at pH 11-12 very fine precipitates difficult to filter. 
These precipitates were contaminated with material 
precipitated by the alkali used, and underwent 
partial decomposition during the protracted filtra- 
tion. Yields obtained by precipitation at pH 11--12 
were lower than by precipitation at pH 5-6. The 
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pH 11—12 precipitates obtained from the potato tuber 
extracts contained 69-72% of choline reineckate. 
Precipitation of choline at pH 5-6 was therefore 
adopted since contamination with other reineckates 
does not interfere with the estimation of choline 
content by Procedure 1. 


Table 5. Recovery of added choline-N as trimethyl- 
amine-N from plant extracts by Procedure 2 


Amount Recovery 
of added of N as 
choline-N _ trimethylamine 
Extract (mg.) (%) 
Indian belladonna leaf 0-1605 98-3, 96-9 
0-4815 100-3, 96-7 
0-6420 99-5, 96-6 
0-8020 99-7, 100-4 
King Edward potato tuber 0-1605 95-0, 100-9 
0-3210 96-5, 98-0 
0-4815 95-7, 96-8 
06420 100-7, 98-4 
0-8020 101-8, 100-1 


Recovery of choline added to plant extracts. The 
method of estimating choline in plant extracts in- 
volves two sources of loss, both of which are constant 
in magnitude. The constancy of this loss should make 
possible quantitative recovery of the whole of any 
added choline-N as trimethylamine-N, the whole of 
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the loss being carried in the original value for the 
choline-N content of the plant extract. The results of 
recovery experiments using an extract of the dried 
leaves of Indian belladonna (Atropa acuminata) and 
an extract of dried King Edward potato tubers are 
shown in Table 5. 


Free choline-N content of dried plant tissues 


The free choline-N content of selected dried plant 
tissues has been determined by Procedure 2. The 
choline-N content of the extract sample has been 
calculated from the equation 


choline-N = 0-28 f(T, — T,) + 0-18 mg. 
The results are shown in Table 6. 


DISCUSSION 


The method described is applicabie to aqueous or 
aqueous ethanolic extracts of plant tissues. It is 
highly specific for choline, serving to distinguish it 
from other closely related bases with the exception 
of acetylcholine. Trimethylamine and other volatile 
bases (except ammonia and monomethylamine) if 
present in the extracts must be removed by a 
vacuum distillation in presence of excess mild alkali 
as they are likely to give reineckates sparingly soluble 
at neutral or slightly acid reaction. 


Table 6. Choline-N content of dried plant tissues 


Source 


Atropa bellaionna (English belladonna) 


Atropa belladonna (Hungarian belladonna) 
Atropa acuminata (Indian belladonna) 


Hyoscyamus muticus (Egyptian henbane) 


Solanum tuberosum (King Edward potato) 


Plant collected after 68 days’ growth in 
sand culture. N supplied as Ca(NO,). 
(0-001 m) 


Plant as above but collected after 82 days’ 
growth 


Plant collected after 68 days’ growth in 
sand culture. N supplied as (NH,),SO, 
(0-001 om) 


Plant as above but collected after 82 days’ 
growth 


Free choline-N 


(mg./100 g.) 
_poccapcmcneneacennesccesN ‘ 
Organ of plant Dry tissue Fresh tissue 
Leaves 16-0 — 
Roots 15 — 
Roots 19 — 
Leaves 13-1 — 
Roots 3-9 — 
Inflorescences 1-1 — 
Leaves 1-5 — 
Stems 1-0 —- 
Seeds 5-7 — 
Sprouting tubers 8-9 1-78 
Tops 2-6 0-30 
Stem bases 8-7 1:37 
Roots 7-1 0-56 
New tubers 1-6 0-26 
Depleted tubers Nil — 
Leaves 12-7 1-38 
Stems and petioles 8-4 0-79 
Roots 4-4 0-16 
New tubers 1-6 0-28 
Tops 15-4 1-83 
Stem bases 9-5 1-72 
Roots 6-0 0-45 
New tubers 5-6 0-90 
Depleted tubers 3-8 0-22 
Leaves 5-5 0-77 
Stems and petioles 11-2 1-12 
Roots 8-0 0-71 
New tubers 2-1 0-45 
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The method has been used to determine the 
amount of free choline in certain plant tissues. Total 
choline (free and combined) can be determined by 
the same procedure if the plant tissue is extracted 
with absolute methanol and the phospholipins 
hydrolyzed with barium hydroxide, as recommended 
by Engel (1942). The hydrolysate is then neutralized, 
filtered and treated with ammonium reineckate as 
described in Procedure 2. 

Previous work (Street, Kenyon & Watson, 1946) 
on the nitrogenous constituents of the potato plant 
has focused attention upon the ‘other nitrogen’ 
(‘residual nitrogen’) as possibly containing the 
nitrogen compounds involved in translocation. This 
fraction includes the nitrogen of simple bases. The 
present results show that choline-N accounts for 
only a small percentage of the ‘other nitrogen’ (in 
the cases analyzed 2-8 and 1-2 % in leaves; 4:7 and 
8-6 % in stems and petioles; 2-5, 1-6, 4-5 and 3-5% 
in roots; 4-0 and 9-4 % in stem bases; 0-7, 2-2, 4-1, 
1-9 % in new tubers and nil and 6-7 % in depleted 
tubers). 

The present data confirms the existence of free 
choline in plant tissues. The content of free choline-N 
is small and variable. It will form a part of future 
work to examine how far concentration gradients 
of free choline-N are established in the growing 
plant. 
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SUMMARY 


1. A modification of the Lintzel & Monasterio 
(1931) method is described for the determination of 
the choline-N content of choline derivatives. With 
amounts of choline-N ranging from 0-7 to 3-2 mg. 
this method gives quantitative recovery with a mean 
deviation from theoretical of not more than +2%, 
and a maximum deviation of + 5%. The method is 
highly specific and, with the exception of acetyl- 
choline, serves to distinguish choline from all closely 
related bases likely to be encountered in plant 
extracts. 

2. The above method has been combined with a 
preliminary reinecke salt precipitation for the deter- 
mination of the free choline-N content of crude 
extracts of dried plant tissues. Choline added to 
such extracts, in amounts equivalent to 0-16- 
0-8 mg. choline-N, could be quantitatively recovered 
with a mean deviation from theoretical of not more 
than +2% and a maximum deviation of +5%. 

3. The method has been applied in the deter- 
mination of the free choline-N content of the organs 
of King Edward potato plants and of several other 
important Solanaceous plants. 


We wish to express our sincere thanks to Mr G. E. Trease 
for providing facilities for this work in the School of 
Pharmacy. 
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Chemotherapy of cancer (Boyland) 55 

Chickens, caecal coccidiosis of, treatment by sulphonamides 
(Asplin, Boyland & Horton-Smith) ii 

Chitinase (Rogers) xvii 

Cholesterol, effect of feeding, without fat on plasma-lipids 
in rabbit (Popjak) 608 

Cholesterol, fatty liver and lipotropic factors (Ridout, 
Lucas, Patterson & Best) 494 

Cholic acid, ketonic derivatives of, in cows’ bile (Haslewood) 
52 

Choline esterase in Helix pomatia, specificity of (Augustins- 
son) 343 

Choline, free, in plants, determination of (Street, Kenyon 
& Watson) 869 

Choline, lipotropic effects of, influence of biotin on (Best, 
Lucas, Patterson & Ridout) 368 

Cholinesterase, selective inhibition of, by prostigmin 
analogue (Hawkins & Gunter) 192 
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Chondroitin sulphuric acid (Pirie) xi 

Chondroitin sulphuric acid, hydrolysis of, by hyaluronidase 
preparations (Humphrey) 442 

Chromatogram, silica gel partition in determination of 
volatile fatty acids (Elsden) 252 

Chromatography, partition, application of, to determination 
of monoamino-acids in proteins (Tristam) 721 

Chromatography, partition, on paper, applied to amino- 
acids and peptides in normal pathological urines (Dent) 
xliv 

Clostridium welchii, «-toxin formation of, affected by horse 
muscle constituent (Rogers & Knight) 400 

Cobra venoms, electrophoretic examination of (Polson, 
Joubert & Haig) 265 

Coccidiosis, caecal, of chickens, treatment of, by sulphon- 
amides (Asplin, Boyland & Horton-Smith) ii 

Cockroach ootheca, protocatechuic acid and hardening of 
(Pryor, Russell & Todd) 627 

Cod, ling, vitamin A, in liver oil of (Morton & Stubbs) 
lix 

Colostrum, cow, acids of fat of (Anantakrishnan, Bhale 
Rao & Paul) 292 

Complement, action of mustard gas, divinyl sulphone and 
B’-dichlorodiethyl sulphone on (Boursnell, Francis & 
Wormall) 774 

Conditioned deficiency of pyridoxine and effect on thymus 
weight of weanling rats (Richards) _liii 

Copper, inhibition of urease by, in presence of ascorbic acid 
(Mapson) v 

Copper salts, inhibition of urease by, in presence of ascorbic 
acid (Mapson) 240 

Cornea, ascorbic acid content of (Pirie) 96 

Cows’ bile, ketocholanic acids in (Haslewood) 52 

Creatine-creatinine excretion in menstrual cycle (Maw) 
Xxxvii 

Creatinine formation in isolated rabbit kidney (Fisher) 
XXXViii 

Creatinuria and arginase in malignant tissue (Bach) 
xlix 

Cystine, amino-acids derived from, in chemically modified 
wool ‘Consden, Gordon & Martin) 580 

Cytochrome }, and yeast lactic dehydrogenase (Bach, 
Dixon & Zerfas) 229 


Defatted media, use of, for in vitro culture of fibroblasts 
(Davidson & Waymouth) 568 

Deficiency, conditioned, of pyridoxine and effect on thymus 
weight of weanling rats (Richards) _liii 

Dermatitis, tetryl (Brownlie & Cumming) 20, 640 

Detoxication, studies in, in the rabbit (Sammons & 
Williams) 223 

Deuterium, preparation and use of mustard gas containing 
(Boursnell, Francis & Wormall) 743 

*Dextrorotatory quartz, action of, on lungs of rats (King, 
Rogers, Gilchrist & Nagelschmidt) vi 

Diagnostic significance of capillary strength measurements 
(Lazarus, Munro & Bell) | lii 

*Diazoaminobenzene, effect of, on vitamin A reserves of rat 
(Kirby)  xliii 

BB’-Dichlorodiethy] sulphide, studies on (Banks, Boursnell, 
Francis, Hopwood & Wormall) 734, 745 

BP’ - Dichlorodiethyl sulphide, studies on (Boursnell, 
Cohen, Dixon, Francis, Greville, Needham & Wormall) 
756 

BB’-Dichlorodiethyl sulphide, studies on 
Francis & Wormall) 737, 743, 765, 768, 774 

Bf’-Dichlorodiethyl sulphone, action of, on amino-acids 
(Boursnell, Francis & Wormall) 737 

8’-Dichlorodiethyl sulphone, action of, on complement 
(Boursnell, Francis & Wormall) 774 ; 

£f’-Dichlorodiethyl sulphone containing radioactive sul- 
phur, fate of, after injection in animal body (Boursnell, 
Francis & Wormall) 765 


(Boursnell, 





BB’-Dichlorodiethyl sulphoxide containing radioactive 
sulphur, fate of, after injection in animal body (Boursnell, 
Francis & Wormall) 765 

Diffusing factors, studies on (Humphrey) 435, 442 

3:5-diiodotyrosine, polarographic determination of (Simp- 
son & Traill) 116 

p-Dimethylaminobenzene, inhibition of urease and succin- 
oxidase by metabolic products of (Elson & Hoch-Ligeti) 
380 

Diphenylamine derivatives, comparison of, with excretion 
products of mepacrine (King, Gilchrist & Tarnoky) 706 

Dithiol compounds as antidotes for arsenic (Stocken & 
Thompson) 535 

Divinyl sulphone, action of, on amino-acids (Boursnell, 
Francis & Wormall) 737 

Divinyl sulphone, action of, on complement (Boursnell, 
Francis & Wormall) 774 

Dogfish, fluorescent substance from eye of (Pirie & Simpson) 
14 

Drugs, antimalarial, antagonism of, by riboflavin (Madina- 
veitia) 373 


Electrical phenomena and HCI secretion in gastric mucosa 
(Crane, Davies & Longmuir xxxvi 

Electrophoresis, evaluation of albumin-globulin ratios by 
(Popjak & McCarthy) 789 

Enzymes, toxic effects of oxygen on (Dickens) 145, 171 

Enzymic degradation of polysaccharides containing amino- 
sugars and uronic acids (Rogers) xvii 

Ephestia kuehniella Lep., role of linoleic acid etc., in nutrition 
of (Fraenkel & Blewett) xxii 

Escherichia coli, effect of mepacrine on growth and trypto- 
phane activity of (Dawson) xli 

Esterase, choline, in Helix pomatia, specificity of (Augustins- 
son) 343 

Esterase, liver, pure, preparation of (Falconer & Taylor) 
835 

*Esterase, liver, pure, preparation of (Falconer & Taylor) 
Xxix 

Esterase, pig liver, purification of (Falconer & Taylor) 831 

Esterases, action of, on hippuryl glyceride (Fodor) 227 

Esterases, inhibition of, by paludrine (Blaschko, Chou & 
Wajda) Ixvii 

Ester, sulphuric acid, from pregnant mares’ urine (Klyne) 
lv 

Ethanol, effect of, on metabolism of methanol in man 
(Zatman) Ixvii 

Ethyl alcohol, formation of kojic acid from, by Aspergillus 
oryzae (Barnard & Challenger) Ixii 

Eye of dogfish, fluorescent substance from (Pirie & Simpson) 
14 

*Eyes, fish, guanin and fluorescent substances in (Pirie) 
XXxix 


Faeces fat, determination of (Fowweathers& Anderson) 350 

Fat, cow colostrum, acids of (Anantakrishnan, Bhale Rao 
& Paul) 292 

Fat in faeces, determination of (Fowweather & Anderson) 
350 

Fats, animal, Eastern, characteristics of (Achaya & 
Banerjee) 664 

Fatty acids, volatile, determination of, by silica gel partition 
chromatogram (Elsden) 252 

Fatty liver by feeding cholesterol and relation of lipotropic 
factors (Ridout, Lucas, Patterson & Best) 494 

Fermentation, selective, of d-fructose from invert sugar by 
Sauternes yeast, mechanism of (Gottschalk) 621 

Fermentation, yeast, formation of H-ion and cation ex- 
changes during (Conway & O’Malley) 59 

Fibroblasts, nucleoprotein content of, growing in defatted 
media (Davidson & Waymouth) 568 

Fibroblasts, synthesis of nucleoprotein by, in vitro (David- 
son & Waymouth) xlv 
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*Fish eyes, guanin and fluorescent substances in (Pirie) 
XXxix 

Fish liver oils rich in vitamin A, (Morton & Stubbs) _lix 

Fluorescence in solution, effects of purines on (Weil- 
Malherbe) 363 . 

Fluorescence spectra of pterins in relation to anti-pernicious 
anaemia factor (Jacobson & Simpson) 3, 9 

Fluorescent substance from eye of dogfish (Pirie & Simpson) 
14 

*Fluorescent substances in fish eyes (Pirie) xxxix 

Fluorimetric determination of riboflavin (Slater & Morell) 
644 

Foetal blood of sheep, identification of fructose in (Bacon 
& Bell) xiii 

Folic acid groups of growth factors, relationship of histidene 
to (Hall) lv 

Folic acid, role of, in growth of S. lactis R. (Hall) xlii 

Folliculosis, relationship of, to vitamin A and ascorbic acid 
(McIntosh, Moore, Keay & Cook) 1 

Formic acid, manometric determination of (Pirie) 100 

Fowl plasma, defatted, composition of (Waymouth & 
Davidson) xxv 

*Fructose, identification of, in presence of other sugars 
(Bell) xiii 

Fructose in foetal blood of sheep, identification of (Bacon 
& Bell) xiii 

Fructose in seminal plasma, site of formation and function 
of (Mann) 481 

d-Fructose, mechanism of selective fermentation of, from 
invert sugar by Sauternes yeast (Gottschalk) 621 

Fructose, seminal, origin and function (Mann) xxix 

Fruit, organic acids in, determination and isolation of 
(Isherwood) 688 

Fumarate, catalysis of pyruvate oxidation in pigeon brain 
(Long) 278 

Fungistatic action and constitution of organic sulphur 
compounds (Davies & Sexton) 331 


Gastric contents, human, blood group substances from 
(Bray, Henry & Stacey) 130 

Gastric mucosa glycolysis in, relation to tissue integrity of 
(Lutwak-Mann & Barrett) v 

Gastric mucosa, HCl secretion and electrical phenomena in 
(Crane, Davies & Longmuir) xxxvi 

Gastric mucosa, isolated, HCl secretion in (Davies) xxxv 

Gastric ulcer production in isolated mucosa (Davies & 
Longmuir) lxiv 

Gastrophilus larvae, haemoglobin of (Keilin & Wang) 855 

Gastrophilus methaemoglobin, osmotic pressures and sedi- 
mentation velocity of (Adair, Ogston and Johnston) 867 

Globulin serum and albumin levels in premature infants 
(Rimington & Bickford) xxvi 

d-Glucosamine, linkage of,in naturally occurring derivatives 
(Stacey) ix 

Glucose, blood, cerimetric determination of (Nimmo-Smith) 
414 

Glucuronic acid, determination of, by cerimetric method 
using Conway burette (Levvy) 396 

Glucuronic acids, conjugated, role of spleen in metabolism 
of (Mills) 283 

Glucuronidase content of tissues (Mills) 283 

B-Glucuronidase of ox-spleen, purification and assay 
(Graham) 603 

Glucuronides, urinary, of steroids (Marrian) xix 

d-( — )-glutamic acid peptide in capsular substance of Bacillus 
anthracis (Hanby & Rydon) 297 

Glutamine, decomposition of, by glycolyzing haemolytic 
streptococci (Mcllwain) 67 

Glutamine, decomposition of, during streptococcal glycolysis 
(McIlwain) 460 

Glutamine, microbial decomposition of (McIlwain) xxxiv 

Glycerol, esterification of, with hippuric acid, behaviour of 
product towards enzymes (Fodor) 227 
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*Glycogen, determination of smaller amounts of, in tissue 
(Walshe) vi 

Glycogen, liver, of guinea-pigs, relation of, to thyrotrophic 
hormone, thyroxine and ascorbic acid (Crabtree & 
Trikojus) 465 

Glycolysis by haemolytic streptococci, relation to glutamine 
decomposition of (Mcllwain) 67 

Glycolysis in gastric mucosa, relation of, to tissue integrity 
(Lutwak-Mann & Barrett) v 

Glycolysis, streptococcal, decomposition of glutamine 
during (McIlwain) 460 

Glycolysis, tumour, action of tannin on (Lasnitzki) 263 

Glycoproteins (Rimington) xiii 

Gramicidin S, free amino group of (Sanger) 261 

‘Gramicidin S’, sequence of amino-acid residues in (Cons- 
den, Gordon, Martin & Synge) xiii 

Growth, availability of histidine derivatives for, in rats 
(Neuberger & Webster) 576 

*Guanin in fish eyes (Pirie) xxxix 

Guinea-pig, fixation and retention of ascorbic acid by 
(Penney & Zilva) 695 


Haemoglobin, blood; oxygen capacity and Fe content of 
human blood (Gibson & Harrison) 247 

Haemoglobin of Gastrophilus larvae (Keilin & Wang) 
855 

Haemolytic jaundice, Van den Bergh reaction in (Gray & 
Whidborne) xxiii 

Helix pomatia, specificity of choline esterase of (Augustins- 
son) 343 

Heparin (Pirie) xi 

Herbivora, transport of absorbed carotene in (Goodwin, 
Dewar & Gregory) Ix 

Hexosamine compounds, physiology and pathology of 
(Blix) vi 

Hippuric acid, esterification of, with glycerol, behaviour of 
product towards enzymes (Fodor) 227 

Histaminase, studies on (Kapeller-Adler) li 

*Histidine deficiency in rats (Neuberger & Webster) xxv 

Histidine derivatives, availability of, for growth (Neuberger 
& Webster) 576 

Histidine, relationship to folic acid group of growth factors 
of (Hall) lv 

Homosulphanilamide, metabolism of, in rabbit (Hartles & 
Williams) xxiv 

Hormones, adrenal cortical, effect of, on tissue enzymes in 
lactating rats (Folley & Greenbaum) 46 

Hormones, steroid, polarographic determinationof (Barnett, 
Henly, Morris & Warren) 778 

Horse muscle, material in, affecting formation of «-toxin by 
C. welchit (Rogers & Knight) 400 

Horse, vitamin A in (Rudra) 500 

Human pregnancy urine, ‘sodium pregnanediol glucuroni- 
date’ of, separation of ketonic and non-ketonic sodium 
glucuronidates from (Sutherland & Marrian) Ixi 

Hyaluronate, amino-sugar released from, by enzymes and 
acids (Rogers) 782 

Hyaluronate, hydrolysates of, effect of, on hyaluronidase 
production by micro-organisms (Rogers) 583 

Hyaluronic acid (Pirie) xi 

Hyaluronic acid preparations, kinetics of hyaluronidase on 
(Humphrey) 435 

Hyaluronidase (Rogers) xvii 

Hyaluronidase, kinetics of action of, on hyaluronic acid 
preparations (Humphrey) 435 

Hyaluronidase preparations, action of, on substrates other 
than hyaluronic acid (Humphrey) 442 

Hyaluronidase production of micro-organisms, effect of 
hydrolysates of hyaluronate on (Rogers) 583 

Hydrazones, steroid, polarography of (Barnett & Morris) 
450 

Hydrocarbons, aromatic, polycyclic, solubilization of, by 
purines (Weil-Malherbe) 351 
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HCl secretion and electrical phenomena in frog gastric 
mucosa (Crane, Davies & Longmuir) xxxvi 

HCI secretion in isolated gastric mucosa (Davies) xxxv 

H ion, formation of, during yeast fermentation (Conway & 
O'Malley) 59 

Hydrogen peroxide, toxic effect of, on brain (Mann & 
Quastel) 139 

Hydrolysis, acid, of impure proteins, problems associated 
with (Lugg) 88 

3-Hydroxy-6-hydroxymethyl-y-pyrone, formation of, from 
ethyl alcohol by Aspergillus oryzae (Barnard & Challenger) 
lxii 

Hydroxy-steroids, oxidation of, by proactinomyces spp. 
(Turfitt) 79 

3-Hydroxysulphanilamide, identification of, as oxidation 
product of sulphanilamide in the rabbit (Williams) 219 

Hypoparathyroidism, idiopathic, treated with calciferol 
and calcium (Eaton) _ lii 


Idiopathic hypoparathyroidism treated with calciferol and 
calcium (Eaton) lii 

Immunological properties of proteins treated with mustard 
gas and related compounds (Boursnell, Francis & 
Wormall) 768, xlvi 

Indigoid pigments from pathological urine (Rimington) 
669 ‘ 

Indole formation from tryptophan, mechanism of (Baker, 
Happold & Walker) 420 

Indole, mode of formation of, from tryptophan (Dawes, 
Dawson & Happold) xlv 

Infants, premature, serum protein levels in (Rimington & 
Bickford) xxvi 

Inhibitory factor, plasma, of skin protease (Beloff) 108 

Inositol, lipotropic effects of, influence of biotin on (Best, 
Lucas, Patterson & Ridout) 368 

Insect nutrition, role of linoleic acid, «-tocopherol, etc., on 
(Fraenkel & Blewett) xxii 

Insulin, sedimentation constant of (Gutfreund & Ogston) 
432 

Integrity of gastric mucosal tissue, relation of, to glycolysis 
(Lutwak-Mann & Barrett) v 

*Iodometric determination of plasma bicarbonate (King, 
Wootton & Tupper) vi 

Ionizing radiation, indirect action of, on aqueous solutions 
(Dale, Davies & Meredith) xxxviii 

Ionophoresis in silica jelly (Consden, Gordon & Martin) 33 

Iron content and oxygen capacity of human blood (Gibson 
& Harrison) 247 


Jaundice, haemolytic, Van den Bergh reaction in (Gray & 
Whidborne) xxiii 


Ketocholanic acids in cows’ bile (Haslewood) 52 

Ketonic sodium glucuronidates, separation of, from ‘sodium 
pregnanediol glucuronidate’ of human pregnancy urine 
(Sutherland & Marrian)  Ixi 

Ketosteroids, formation of, from hydroxy-steroids by 
Proactinomyces spp. (Turfitt) 79 

17-Ketosteroids, neutral, urinary, polarographic deter- 
mination of (Barnett, Henly & Morris) 445 

17-Ketosteroids, urinary, polarographic determination of 
(Barnett, Henly, Morris & Warren) 778 

Kidney, rabbit, isolated, creatinine formation in (Fisher) 
XXXVili 

Kojic acid, formation of, from ethyl alechol by Aspergillus 
oryzae (Barnard & Challenger) _ Ixii 


Lactic acid, blood, stabilization and determination of 
(Long) 27 

Lactic dehydrogenase, yeast, and cytochrome 6, (Bach, 
Dixon & Zerfas) 229 

*Laevorotatory quartz, action of, on lungs of rats (King, 
Rogers, Gilchrist & Nagelschmidt) vi 


Larvae, Gastrophilus, haemoglobin of (Keilin & Wang) 855 

Leaves, extraction of nitrogenous materials from (Crook) 
197 

Lewisite burns, excretion of arsenic and thiol after treat- 
ment of, in animals (Stocken & Thompson) 548 

Ling, cod, vitamin A, in liver oil of (Morton & Stubbs) _lix 

Linkage of amino sugars, mode of, in naturally occurring 
derivatives (Stacey) ix 

Linoleic acid, role of, in nutrition of an insect (Fraenkel & 
Blewett) xxii 

Lipaemic sera, osmotic pressures of (Popjak & McCarthy) 
789 

Lipids, plasma, effect of feeding cholesterol without fat on, 
in rabbit (Popjak) 608 

Lipotropic effects of choline and inositol, influence of biotin 
on (Best, Lucas, Patterson & Ridout) 368 

Lipotropic factors and fatty liver from feeding cholesterol 
(Ridout, Lucas, Patterson & Best) 494 

Liver, anti-pernicious anaemia factor from, purification of 
(Emery & Parker) iv 

Liver biopsies, micro-determination of vitamin A in (With) 
249 

Liver esterase, pig, purification of (Falconer & Taylor) 831 

Liver esterase, pure, preparation of (Falconer & Taylor) 
835 

*Liver esterase, pure, preparation of (Falconer & Taylor) 
xxix 

Liver extracts, vitamin B complex in microbiological assay 
of (Emery, McLeod & Robinson) 426 

Liver, fatty, by feeding cholesterol and relation of lipo- 
tropic factors to (Ridout, Lucas, Patterson & Best) 
494 

Liver oil, whale, vitamin A in (Morton & Stubbs) _Iviii 

Liver oils, fish, rich in vitamin A, (Morton & Stubbs) _lix 

Liver vitamin A stores in rats, relationship between, and 
blood vitamin A (Glover, Goodwin & Morton) _lvii 

*Lungs, rats, comparison of actions of laevorotatory and 
dextrorotatory quartz on (King, Rogers, Gilchrist & 
Nagelschmidt) vi 


Magnesium, colorimetric determination of, in plasma or 
serum by Titan yellow (Garner) 828 

Malignant tissue, arginase in, and creatinuria (Bach) xlix 

Malignant tissue, metabolism of arginine in (Bach & 
Lasnitzki) xlviii 

Mango, Badami, carotenoid pigments of (Ramasarma, Rao 
& Hakim) 657 

Manometric determination of carbonic anhydrase activity 
(Roughton & Booth) 309 

Manometric determination of formic acid (Pirie) 100 

Mares, pregnant, sulphuric ester from -urine of (Klyne) Iv 

Marfanil, metabolism of, in rabbit (Hartles & Williams) 
xxiv 

Marfanil see p-Aminomethylphenyl methyl] sulphone 

Mastication, effect of, on ascorbic acid of vegetables 
(Jenkins) 415 

Medal, Pasteur, presentation of, to the Biochemical Society 
from the Société de Chimie Biologique (Fabre) 1 

Menstrual cycle and creatine-creatinine excretion (Maw) 
XXXxvii 

Mepacrine, effect of, on growth and tryptophanase activity 
of Esch. coli (Dawson) xtli 

Mepacrine, excretion products of (King, Gilchrist & 
Tarnoky) 706, iii 

Metabolism of arginine in malignant tissue (Bach & 
Lasnitzki) xlviii 

Metanilamide, metabolism of, in the rabbit (Dobson & 
Williams) 215 

Methaemoglobin, Gastrophilus, osmotic pressures and 
sedimentation velocity of (Adair, Ogston & Johnston) 
867 

Methanol, metabolism of, in man, effect of ethanol on 
(Zatman) Ixvii 
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Methy] picramide, production of, by ultra-violet irradiation 
of tetryl (Brownlie & Cumming) 20 

Mice, action of azo-compounds in (Kirby) _lvi 

Micro-organisms, hyaluronidase production of, effect of 
hydrolysates of hyaluronate on (Rogers) 583 

Milk, Indian buffalo, fatty acid and glyceride structures of 
(Achaya & Banerjee) 664 

Monkeys, effect of testosterone propionate on body weight 
of (Overbeek & Tausk) Ixvi 

Mucins, cervical, bovine, composition and reaction of, with 
oxidizing agents (Boyland) 334 

Mucoitin sulphuric acid (Pirie) xi 

Mucosa, gastric, glycolysis in, relation to tissue integrity of 
(Lutwak-Mann & Barrett) v 

Mucosa, gastric, HCl secretion and electrical phenomena in 
(Crane, Davies & Longmuir) xxxvi 

Mucosa, gastric, isolated, HCl secretion in (Davies) xxxv 

* Mucosa, isolated, production of gastric ulcer in (Davies & 
Longmuir) xiv 

Muscle constituents, effect of adrenalectomy on (Conway & 
Hingerty) 561 

Mustard gas, action of, on amino-acids (Boursnell, Francis 
and Wormall) 737 

Mustard gas, action of, on complement (Boursnell, Francis 
and Wormall) 774 

Mustard gas, action of, on proteins, studied with radio- 
active S (Banks, Boursnell, Francis, Hopwood & 
Wormall) xlvi 

Mustard gas and related compounds, studies on (Banks, 
Boursnell, Francis, Hopwood & Wormall) 734, 745 

Mustard gas and related compounds, studies on (Boursnell, 
Cohen, Dixon, Francis, Greville, Needham & Wormall) 
756 

Mustard gas and-related compounds, studies on (Boursnell, 
Francis & Wormall) 737, 743, 765, 768, 774 

Mustard gas containing radioactive S, fate of, after 
injection in animal body (Boursnell, Cohen, Dixon, 
Francis, Greville, Needham & Wormall) 756 

Mustard gas containing radioactive 8, fate of,in animal body 
(Boursnell, Cohen, Dixon, Francis, Greville, Needham & 
Wormall) xlvii 

Mustard gas, immunological properties of proteins treated 
with (Boursnell, Francis & Wormall) 768, xlvi 

Mustard gas, preparation of, containing radioactive sulphur 
and deuterium (Boursnell, Francis & Wormall) 743 

Mustard gas-sulphone containing radioactive S, fate of, in 
animal body (Boursnell, Francis & Wormal!)  xlviii 

Mustard gas-sulphoxide containing radioactive S, fate of, in 
animal body (Boursnell, Francis & Wormall) xlviii 





Nicotinamide, formation of, from nicotinic acid by rat tissue 
(Ellinger) xxxi 

Nicotinamide methochloride, influence of diet and drugs on 
urinary elimination of, by rats (Ellinger) xxxiii 

Nicotinic acid, formation of nicotinamide from, rat tissues 
(Ellinger) xxxi 

Nicotinic acid requirements of pigs (Braude, Kon & White) 
843 

Nitrification of organic nitrogen compounds in soil (Lees 
& Quastel) 824 

Nitrification, soil, kinetics of, and effect of poisons on, by 
soil perfusion technique (Lees & Quastel) 803 

Nitrification, soil, site of (Lees & Quastel) 815 

Nitro-compounds, aromatic, interaction of, with amino- 
acids and proteins (Brownlie & Cumming) 640 

Nitrogen content of human plasma protein (Cook) 41 

Nitrogen, content of, in human bone (Baker, Butterworth 
& Langley) 391 

Nitrogenous materials, extraction of, from green leaves 
(Crook) 197 

Non-ketonic sodium glucuronidates, separation of, from 
‘sodium pregnandiol glucuronidate’ of human pregnancy 
urine (Sutherland & Marrian) Ixi 
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Nucleic acid, yeast, combination with proteins (Kleczkowski) 
677 

Nucleoprotein content of fibroblasts growing in defatted 
media (Davidson & Waymouth) 568 

Nucleoprotein, synthesis of, by fibroblasts in vitro (Davidson 
& Waymouth) xlv 


Oils, fish liver, rich in vitamin A, (Morton & Stubbs) _ lix 

Oil, whale liver, vitamin A in (Morton & Stubbs) _Iviii 

Ootheca, cockroach, protocatechuic acid and hardening of 
(Pryor, Russell & Todd) 627 

Organic acids in fruit, determination and isolation of 
(Isherwood) 688 

Ornithine, 5-amino group of, free in gramicidin S (Sanger) 
261 

Osmotic pressures and sedimentation velocity of Gastro- 
philus methaemoglobin (Adair, Ogston & Johnston) 867 

Osmotic pressures of lipaemic sera (Popjak & McCarthy) 
789 

Ox-spleen, 8-glucuronidase, purification and assay (Graham) 
603 


Oxygen capacity and Fe content of human blood (Gibson 
& Harrison) 247 

Oxygen, toxic effect of, on brain (Mann & Quastel) 139 

Oxygen, toxic effects of, on brain and enzymes (Dickens) 
145, 171 

Oxygen uptake by blood in vitro (Ramsay) 286 


Palm-oil carotenoids (Hunter & Krakenberger) 492 

*Paludrine, biochemical behaviour of (Madinaveitia) i 

*Paludrine, determination of (King, Wootton & Gilchrist) 
ii, vi 

Paludrine, inhibition of esterase by (Blaschko, Chou & 
Wajda) Ixvii 

Paludrine, pharmacology of (Spinks, Tottey & Maegraith) i 

Paludrine, urinary, determination of (Gage & Rose) _ ii 

Pantothenate metabolism in proliferating and non- 
proliferating bacteria (McIlwain) 269 

Parathormone injections, prolonged effect of, on composi- 
tion of bones cf puppies with varying Ca intakes (Burns 
& Henderson) 501 

Partition chromatogram, silica gel, in determination of 
volatile fatty acids (Elsden) 252 

Partition chromatography, application of, to determination 
of monoamino-acids in proteins (Tristam) 721 

Partition chromatography on paper applied to amino-acids 
= peptides in normal and pathological urines (Dent) 
xliv 

Pea extracts, penicillin production on (Cook & Brown) xxii 

Pea, penicillin production on fraction from (Cook & Brown) 
XXXxiv 

Pectase, studies on (Holden) 103 

Pectinase (Rogers) xvii 

Penicillin production by P. notatum in surface culture 
(Hockenhull) 337 

Penicillin production on fractions from pea (Cook & Brown) 
XXxiV 

Penicillin production on pea plant extracts (Cook & Brown) 
xxii 

Penicillin, synthetic media for production of (Cook & 
Brown) xlix 

Penicillium notatum, penicillin production of, in surface 
culture (Hockenhull) 337 

Peptides in normal and pathological urines, partition 
chromatography applied to (Dent) xliv 

Peptides, separation of, by ionophoresis in silica jelly 
(Consden, Gordon & Martin) 33 

Phenylacetamide, fate of, in rabbit (Bray, Neale & Thorpe) 
134 

Phenylacetic acid, fate of, in rabbit (Bray, Neale & Thorpe) 
134 

Phosphatase of lactating rats, effects of adrenalectomy and 
adrenal cortical hormones on (Folley & Greenbaum) 46 
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Phosphorus absorption, influence of phytic acid on, in dogs 
(Hoff-Jorgensen) 189 

Phosphorus absorption in infants, effect of phytic acid on 
(Hoff-Jorgensen, Andersen, Begtrup & Nielsen) 453 

Phosphorus, absorption of, in children, effect of phytic acid 
on (Hoff-Jorgensen, Andersen & Nielsen) 555 

Phytic acid, effect of, on absorption of Ca and P in children 
(Hoff-Jorgensen, Andersen & Nielsen) 555 

Phytic acid, effect of, on absorption of Ca and P in infants 
(Hoff-Jorgensen, Andersen, Begtrup & Nielsen) 453 

Phytic acid in bread supplemented with calcium, enzymic 
cleavage of (Mollgaard, Lorenzen, Hansen & Christensen) 
589 

Phytic acid, influence of, on absorption of Ca and P in dogs 
(Hoff-Jorgensen) 189 

Pig liver esterase, purification of (Falconer & Taylor) 831 

Pigments, carotenoid, of mango (Ramasarma, Rao & 
Hakim) 657 

Pigments, indigoid, from pathological urine (Rimington) 
669 

Pigs, nicotinic acid requirements of (Braude, Kon & White) 
843 

Pisum sativum, penicillin production on fractions from 
(Cook & Brown) xxxiv 

Plants, free choline in, determination of (Street, Kenyon & 
Watson) 869 

*Plasma bicarbonate, iodometric determination of (King, 
Wootton & Tupper) vi 

Plasma, colorimetric determination of magnesium in 
(Garner) 828 

Plasma, fowl, defatted, composition of (Waymouth & 
Davidson) xxv 

Plasma, human, determination of nitrogen and protein in 
(Cook) 41 

Plasma, inhibitory factor for skin protease of (Beloff) 
108 

Plasma-lipids, effect of feeding cholesterol without fat on, 
in rabbit (Popjak) 608 

Polarographic determination of steroid hormones (Barnett 
& Morris) 450 

Polarographic determination of steroid hormones (Barnett, 
Henly & Morris) 445 

Polarographic determination of thyroxine and 3:5-di- 
iodotyrosine (Simpson & Traill) 116 

Polarographic determination of urinary 17-ketosteroids and 
comparison with colorimetric methods (Barnett, Henly, 
Morris & Warren) 778 

Polycyclic aromatic hydrocarbons, solubilization of, by 
purines (Weil-Malherbe) 351 

Polysaccharides, enzymic degradation of (Rogers) xvii 

Polysaccharides showing blood group A-specificity (Bray, 
Henry & Stacey) 124 

Polyuronides (Percival) viii 

Porphyrin metabolism in yeast (Kench & Wilkinson) 660 

Potentiometric dye titration of apparent vitamin C, time 
effects in (Wokes) xiv 

Pregnancy urine, human, ‘sodium pregnanediol glucuroni- 
date’ of, separation of ketonic and non-ketonic sodium 
glucuronidates from (Sutherland & Marrian) Ixi 

Pregnanediol glucuronidate, sodium, isolation of pregnane- 
3(«)-ol-20-one from (Marrian & Gough) 376 

Pregnanediol glucuronidate, sodium, of human pregnancy 
urine, separation of ketonic and non-ketonic sodium 
glucuronidates from (Sutherland & Marrian) Ixi 

Pregnane-3(«)-ol-20-one, isolation of, from sodium preg- 
nanediol glucuronidate (Marrian & Gough) 376 

Premature infants, serum protein levels in (Rimington & 
Bickford) xxvi 

Proactinomyces spp., oxidation of hydroxy-steroids to keto 
derivatives by (Turfitt) 79 

Protease, skin, plasma inhibitory factor of (Beloff) 108 

Protein, plasma, determination of, and of nitrogen in (Cook) 
41 


*Protein purity, specific property solubility test for 
(Falconer & Taylor) xxix 

Proteins, action of mustard gas and related compounds 
containing radioactive sulphur on (Banks, Boursnell, 
Francis, Hopwood & Wormall) 745 

Proteins, action of mustard gas on, studied with radio- 
active S (Banks, Boursnell, Francis, Hopwood & Wormall) 
xlvi 

Proteins, basic, amino-acid content of (Macpherson) 470 

Proteins, combination between, and with yeast nucleic acid 
(Kleczkowski) 677 

Proteins, determination of threonine and serine in (Rees) 632 

Proteins, immunological properties of, treated with mustard 
gas and related compounds (Boursnell, Francis & Wormall) 
xlvi 

Proteins, impure, acid hydrolysis of (Lugg) 88 

Proteins, spectrophotometric determination of tyrosine and 
tryptophan in (Goodwin & Morton) 628 

Proteins, thiol, arsenic derivatives of (Stocken & Thompson) 
529 

Proteins treated with mustard gas and related compounds, 
immunological properties of (Boursnell, Francis & 
Wormall) 768 

Protocatechuic acid in cockroach ootheca (Pryor, Russell & 
Todd) 627 

Pterins, fluorescence spectra of, in relation to anti-pernicious 
anaemia factor (Jacobson & Simpson) 3, 9 

Purines, effects of, on fluorescent solutions (Weil-Malherbe) 
363 

Purines, solubilization of polycyclic aromatic hydrocarbons 
by (Weil-Malherbe) 351 

Pyridoxine, conditioned deficiency of, and effect on thymus 
weight of weanling rats (Richards) _liii 

Pyruvate oxidation in brain and sulphydryl groups, relation 
between (Peters & Wakelin) 513 

Pyruvate oxidation, inhibition of, by arsenicals in relation 

. to enzyme theory of vesication (Peters, Sinclair & 
Thompson) 516 

Pyruvate oxidation in pigeon brain catalyzed by fumarate 
(Long) 278 


*Quartz, comparison of action of laevorotatory and dextro- 
rotatory on lungs of rats (King, Rogers, Gilchrist & 
Nagelschmidt) vi 


Rabbit, metabolism of organic acids and amides in (Bray, 
Neale & Thorpe) 134 

Rabbit, metabolism of sulphapyridine in (Bray, Neale & 
Thorpe) 406 ‘ 

Rabbit, metabolism of sulphonamides in (Dobson & 
Williams) 215 

Radiation, ionizing, indirect action of, on aqueous solutions 
(Dale, Davies & Meredith) xxxviii 

Radioactive S and fate of injected mustard gas (Boursnell, 
Cohen, Dixon, Francis, Grevilie, Needham & Wormall) 
xlvii 

Radioactive S and fate of mustard gas-sulphone and 
mustard gas-sulphoxide in animal body (Boursnell, 
Francis & Wormall) x\viii 

Radioactive S, use of, in study of action of mustard gas on 
proteins (Banks, Boursnell, Francis, Hopwood & Wormall) 
xlvi 

Rats, action of azo-compounds in (Kirby) lvi 

*Rats, comparison of action of laevorotatory and dextro- 
rotatory quartz on lungs of (King, Rogers, Gilchrist & 
Nagelschmidt) vi 

*Rats, histidine deficiency in (Neuberger & Webster) xxv 

Rats, lactating, effects of adrenalectomy and adrenal 
cortical hormones on tissue enzymes of (Folley & Green- 
baum) 46 

Respiration of skin, effect of arsenical vesicants on (Thomp- 
son) 525 

Retinene, (Ball, Goodwin & Morton) _lix 
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Retinene, (Morton, Salah & Stubbs) _ lix 

Riboflavin and aneurin, interdependence of (Cross, Emble- 
ton & Coward) 458 

Riboflavin, antagonism of antimalarial drugs by (Madina- 
veitia) 373 

Riboflavin, fluorimetric determination of (Slater & Morell) 
644 

Riboflavin, urinary, fluorimetric determination of (Morell 
& Slater) 652 


Sauternes yeast, mechanism of selective fermentation of 
d-fructose from, invert sugar by (Gottschalk) 621 

Sedimentation constant of insulin (Gutfreund & Ogston) 
432 

Sedimentation velocity and osmotic pressures of Gastro- 
philus methaemoglobin (Adair, Ogston & Johnston) 867 

Semen, fructose as constituent of (Mann) 481 

Semen, metabolism of (Mann) 481 

Seminal fructose, origin and function of (Mann) xxix 

Separation of ketonic and non-ketonic sodium glucuroni- 
dates from ‘sodium pregnanediol glucuronidate’ of 
human pregnancy urine (Sutherland & Marrian) _lxi 

Sera, lipaemic, osmotic pressures of (Popjak & McCarthy) 
789 

Serine, determination of, in proteins (Rees) 632 

Serum, colorimetric determination of magnesium in 
(Garner) 828 

Serum protein levels in premature infants (Rimington & 
Bickford) xxvi 

‘Sese’ palm-oil carotinoids (Hunter & Krakenberger) 492 

Sheep, blood, foetal, identification of fructose in (Bacon & 
Bell) xii 

Sheep, foetal and maternal bloods of, sugars in (Cole & 
Hitchcock) li 

Silica gel partition chromatogram in determination of 
volatile fatty acids (Elsden) 252 

Silica jelly, ionophoresis in (Consden, Gordon & Martin) 33 

Skin protease, plasma inhibitory factor of (Beloff) 108 

Skin, respiration, effect of arsenical vesicants on (Thomp- 
son) 525 

Société de Chimie Biologique, presentation of a Pasteur 
Medal by, to the Biochemical Society (Fabre) 1 

‘Sodium pregnanediol glucuronidate’ of human pregnancy 
urine, separation of ketonic and non-ketonic sodium 
glucuronidates from (Sutherland & Marrian) Ixi 

Soil nitrification, kinetics of an effect of poisons on, by soil 
perfusion technique (Lees & Quastel) 803 

Soil, nitrification of organic nitrogen compounds in (Lees & 
Quastel) 824 

Soil nitrification, site of (Lees & Quastel) 815 

Soil perfusion technique, use of, in study of soil nitrification 
(Lees & Quastel) 803 

Solubilities of solids and solvents, rapid approximate 
determination of (Klyne & Bell) liv 

*Solubility test, specific property, for protein purity 
(Falconer & Taylor) xxix 

Solubility test, specific property, for protein purity (Falconer 
& Taylor) 835 

Specific property solubility test for protein purity, its 
application to preparation of pure liver esterase (Falconer 
& Taylor) 835 

Spectrophotometric determination of tyrosine and trypto- 
phan in proteins (Goodwin & Morton) 628 

Spectrophotometric study of excretion products of mepa- 
crine (King, Gilchrist & Tarnoky) 706 

Spectrophotometric study of mepacrine excretion products 
(King, Gilchrist & Tarnoky) iii 

Spleen, ox, f-glucuronidase of, purification and assay 
(Graham) 603 

Spleen, role of, in metabolism of conjugated glucuronic 
acids (Mills) 283 

Squalus acanthias, fluorescent substance from eye of (Pirie 
& Simpson) 14 
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Steroid hormones, polarographic determination of (Barnett, 
Henly & Morris) 445 

Steroid hormones, polarographic determination of (Barnett, 
Henly, Morris & Warren) 778 

Steroid hormones, polarographic determination of (Barnett 
& Morris) 450 

Steroids, metabolism of (Haslewood) 52 

Steroids, microbiological degradation of (Turfitt) 79 

Streptococcal glycolysis, decomposition of glutamine 
during (McIlwain) 460 

Streptococci, haemolytic, relation between glutamine de- 
composition and glycolysis by (McIlwain) 67 

Streptococcus lactis R., role of folic acid in growth of (Hall) 
xiii 

Succinoxidase, inhibition of, by products of p-dimethyl- 
aminobenzene and amines (Elson & Hoch-Ligeti) 
380 

Sugars in foetal and maternal bloods of sheep (Cole & 
Hitchcock) li 

Sulphanilamide, oxidation of, to 3-hydroxysulphanilamide 
in the rabbit (Williams) 219 

Sulphapyridine, metabolism of, in rabbit (Bray, Neale & 
Thorpe) 406 

Sulphonamides, metabolism of, in the rabbit (Williams) 
219 

Sulphonamides, treatment of coccidiosis of chickens by 
(Asplin, Boyland & Horton-Smith) ii 

Sulphur compounds, organic, constitution and fungistatic 
action on (Davies & Sexton) 331 

Sulphur, radioactive, action on proteins of mustard gas 
containing (Banks, Boursnell, Francis, Hopwood & 
Wormall) 745 

Sulphur, radioactive, fate of B8’-dichlorodiethyl sulphone 
and £f’-dichlorodiethyl sulphoxide containing, after 
injection in animal body (Boursnell, Francis & Wormall) 
765 

Sulphur, radioactive, fate of mustard gas containing, after 
injection in animal body (Boursnell, Cohen, Dixon, 
Francis, Greville, Needham & Wormall) 756 : 

Sulphur, radioactive preparation and use of mustard gas 
containing (Boursnell, Francis & Wormall) 743 


. Sulphydryl groups and pyruvate oxidation in brain, relation 


between (Peters & Wakelin) 513 

Suramin, combination of, with plasma proteins (Dewey & 
Wormall) 119 

Tannin, action of, on tumour glycolysis (Lasnitzki) 
263 

Testosterone propionate, effect of, on body weight of 
monkeys (Overbeek & Tausk) Ixvi 

Tetryl dermatitis (Brownlie & Cumming) 20, 640 

Tetryl, ultra-violet irradiation of (Brownlie & Cumming) 
20 


Thiol and arsenic excretion in animals after treatment of 
lewisite burns (Stocken & Thompson) 548 

Threonine, determination of, in proteins (Rees) 632 

Thymus weight of weanling rats, effect of conditioned 
deficiency of pyridoxine on (Richards) _liii 

Thyrotrophic hormone, thyroxine and ascorbic acid in 
relation to liver glycogen of guinea-pigs (Crabtree & 
Trikojus) 465 

Thyroxine, polarographic determination of (Simpson & 
Traill) 116 

Thyroxine, thyrotrophic hormone and ascorbic acid in 
relation to liver glycogen of guinea-pigs (Crabtree & 
Trikojus) 465 

Titan yellow, colorimetric determination of plasma or serum 
magnesium by (Garner) 828 

Titration time in potentiometric dye titration of apparent 
vitamin C, effect of (Wokes) Ixiv 

«-Tocopherol, role of, in nutrition of an insect (Fraenkel & 
Blewett) xxii 

Toxic effect of oxygen and hydrogen peroxide on brain 
(Mann & Quastel) 139 
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Toxic effects of oxygen on brain and enzymes (Dickens) 
145, 171 

a-Toxin of C. welchii, formation of, affected by horse- 
muscle constituent (Rogers & Knight) 400 

Tryptophan, mode of formation of indole from (Dawes, 
Dawson & Happold) xlv 

Tryptophan, spectrophotometric determination of, in 
proteins (Goodwin & Morton) 628 

Tryptophanase activity of Esch. coli, effect of mepacrine on 
(Dawson) xli 

Tryptophanase-tryptophan reaction (Baker, Happold & 
Walker) 420 

Tumour glycolysis, action of tannin on (Lasnitzki) 263 

Tyrosine, spectrophotometric determination of, in proteins 
(Goodwin & Morton) 628 


Ulcer, gastric, production of, in isolated mucosa (Davies & 
Longmuir) lxiv 

Urease, inhibition of, by copper in presence of ascorbic acid 
(Mapson) v 

Urease, inhibition of, by Cu salts in presence of ascorbic 
acid (Mapson) 240 

Urease, inhibition of, by products of p-dimethylamino- 
benzene and amines (Elson & Hoch-Ligeti) 380 

Urinary creatine-creatinine in menstrual cycle (Maw) 
XXxvii 

Urinary 17-ketosteroids, neutral, polarographic determina- 
tion of (Barnett, Henly & Morris) 445 

Urinary 17-ketosteroids, polarographic determination of 
(Barnett, Henly, Morris & Warren) 778 

Urinary nicotinamide methochloride, influence of diet and 
drugs on, in rats (Ellinger) xxxiii 

Urine, human, pregnancy, ‘sodium pregnanediol glucuroni- 
date’ of, separation of ketonic and non-ketonic sodium 
glucuronidates from (Sutherland & Marrian) _ lxi 

Urine, paludrine in, determination of (Gage & Rose) ii 

Urine, pathological, indigoid pigments of (Rimington) 669 

Urine, pregnant mares, sulphuric acid ester from (Klyne) lv 

Urine, riboflavin in, fluorimetric determination of (Morell 
& Slater) 652 

Urines, amino-acids and peptides of, application of partition 
chromatography to investigation of (Dent) xliv 

Uronic acid compounds, physiology and pathology of (Blix) 
vi 

Uronic acids, metabolic products containing (Marrian) xix 


V 335 see p-Aminomethylphenyl methyl sulphone 

Van den Bergh reaction in haemolytic jaundice (Gray & 
Whidborne) xxiii 

Van den Bergh reaction, studies of (Gray & Whidborne) 81 

Venoms, cobra, electrophoretic examination of (Polson, 
Joubert & Haig) 265 

Veratraldehyde, metabolism of, in the rabbit (Sammons & 
Williams) 223 

Veratric acid, metabolism of, in the rabbit (Sammons & 
Williams) 223 


Vesicants, arsenical, effect of, on respiration of skin 
(Thompson) 525 

Vesication, enzyme theory of, in relation to inhibition of 
pyruvate oxidation by arsenicals (Peters, Sinclair & 
Thompson) 516 

— A, accurate determination of (Morton & Stubbs) 
viii 

Vitamin A aldehyde (Ball, Goodwin & Morton) lix 

Vitamin A, aldehyde (Morton, Salah & Stubbs) _lix 

Vitamin A deficiency in rabbit, effect of, on ascorbic acid 
metabolism and power to use preformed vitamin A (Pirie 
& Wood) 557 

Vitamin A, in fish liver oils (Morton & Stubbs) _lix 

Vitamin A in horse (Rudra) 500 

Vitamin A in whale liver oils (Morton & Stubbs) _lviii 

Vitamin A levels, blood, relationship between, and liver 
stores in rats (Glover, Goodwin & Morton) _lvii 

Vitamin A, liver stores in rats, relationship between, and 
blood vitamin A (Glover, Goodwin & Morton) _lvii 

Vitamin A, micro-determination of, in liver biopsies (With) 
249 

Vitamin A, preformed, effect of vitamin A deficiency on, 
on power to use in rabbit (Pirie & Wood) 557 

Vitamin A, relationship of, to folliculosis (McIntosh, Moore, 
Keay & Cook) 1 

*Vitamin A reserves of rat, effect of diazoaminobenzene on 
(Kirby)  xliii 

Vitamin B complex in yeast and liver extracts, comparative 
microbiological assays of (Emery, McLeod & Robinson) 
426 

Vitamin B factors, imbalance of (Richards) _ liii 

Vitamin B, see Aneurin 

Vitamin C see also Ascorbic acid 

Vitamin C, apparent, effect of titration time in potentio- 
metric titration of (Wokes) Ixiv 

Vitamin P, clinical assay of (Scarborough & Wokes) Ixv 

Vitamins, interdependence of (Cross, Embleton & Coward) 
458 


Whale liver oils, vitamin A in (Morton & Stubbs) _lviii 

Wool, chemically modified, identification of amino-acids 
derived from cystine in (Consden, Gordon & Martin) 
580 


Yeast fermentation, formation of H ion and cation ex- 
changes during (Conway & O'Malley) 59 

Yeast lactic dehydrogenase and cytochrome 5b, (Bach, 
Dixon & Zerfas) 229 

Yeast nucleic acid, combination with proteins (Kleczkowski) 
677 

Yeast, porphyrin metabolism in (Kench & Wilkinson) 
660 


Yeast, Sauternes, mechanism of selective fermentation of 
d-fructose from invert sugar by (Gottschalk) 621 

Yeast, vitamin B complex in, microbiological assay of 
(Emery, McLeod & Robinson) 426 





